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Growing concern about the impact of fossil fuel use on the global climate has led to a 
recent surge of interest in alternate forms of energy generation with a focus on methods 
with lower emissions of carbon dioxide. Photovoltaics (PV) – the direct conversion of 
sunlight to electricity – is a promising alternative to fossil fuel technology as PV modules 
have zero emissions during operation and have a long 25 year+ lifespan. However, PV 
currently accounts for less than 0.1% of the total electricity generated in the United States. 
This is largely due to PV electricity being about two times more expensive than the retail 
price of electricity from the grid which is largely fed by fossil fuels. Cost calculations 
indicate that getting PV to grid-parity in the United States (~10 ¢/kWhr) without policy 
incentives will require ≥20% efficient cells manufactured at a cost of ~$1/W.  
Crystalline silicon cells dominate the PV market today with ~90% market share. 
However, a majority of Si cells use the screen-printed, full Al-BSF structure which 
cannot achieve ≥ 20% efficiency using conventional screen-printing technology. This 
provided the motivation to produce ≥ 20% efficient Si solar cells in this thesis. The 
approach that was adopted in this research involved first fabricating and analyzing a 
high-efficiency, full Al-BSF cell, and then developing modifications to that cell that 
would lead to efficiencies ≥ 20%. Issues of commercial viability and throughput were 
also kept in mind during the development of the modified structure and process. 
In the first phase of this thesis, a ~19% efficient, 300 µm thick, screen-printed Al-
BSF cell (4 cm2) was fabricated and analyzed to determine and quantify its major 
efficiency-limiting loss mechanisms. Through detailed experimental characterization and 
computer modeling, it was determined that this ‘baseline’ cell was primarily limited by 
back side losses, namely a high back surface recombination velocity (BSRV) of 600 cm/s 
and a low back surface reflectance (RB) of ~70%. Further modeling showed that if the 
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BSRV and RB could be improved to 200 cm/s and 95% (100% diffuse) respectively, 
while maintaining a high bulk lifetime of > 300 µs, 20% efficient cells could be achieved 
without making any changes to the front side processing. The simulations also revealed 
that this improved design could maintain efficiencies of ~20% even if the wafer thickness 
were to be cut in half to 150 µm. Developing cell designs that can maintain high 
efficiencies on thin substrates is important as the Si wafer alone accounts for ~60% of the 
cost of commercial cSi modules. Therefore, being able to reduce wafer usage with little 
to no loss in efficiency could lead to a significant cost reduction The remainder of the 
thesis research dealt with developing technologies for meeting the BSRV and RB targets 
as well as developing cell fabrication processes that can integrate these technologies into 
a 20% efficient Si solar cell. 
A review of the relevant literature indicated that the BSRV and BSR targets are not 
likely to be attained using the conventional Al-BSF structure. The cell concept that is 
instead pursued in this thesis is the boron back surface field (B-BSF) structure. For 
meeting the BSRV goal of 200 cm/s, a B-BSF is a technically attractive alternative to a 
conventional Al-BSF as: 1) a B-BSF can provide stronger field-effect passivation due to 
boron having higher solubility in Si than aluminum, and 2) the surface of a B-BSF can be 
more easily passivated with a dielectric. Furthermore, a B-BSF can be capped with a 
highly reflective material (or a dielectric/reflector stack) allowing the RB target of ~95% 
to be achieved.  
While several B-BSFs designs have been explored in the past, a literature survey 
showed that cell processes involving boron diffusion often use long processing times, 
high processing temperatures and frequently result in contamination of the Si substrate. 
In addition, all ≥ 20% efficient B-BSF cells that have been reported in the literature 
involved photolithography-based processing and prolonged thermal cycles at very high 
temperatures (> 1000°C). Such processing methods are too high-cost and low-throughput 
to be commercially viable. Therefore, another goal of this thesis is to develop a 
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fabrication process that can deliver a ≥ 20% efficient, full-area B-BSF cell while: 1) 
ensuring that the cycle time of each process step is no longer than the longest step used 
for the baseline full Al-BSF cell (90 minutes), and 2) using low-cost, screen-printing 
technology for contact formation. 
The first step towards realizing a 20% B-BSF cell was to pick a boron diffusion 
source. In this thesis, dilute spin-on solutions of boric acid in de-ionized (DI) water were 
investigated as a novel, low-cost and non-toxic alternative to more conventional boron 
diffusion sources like boron tribromide (BBr3) which are toxic and pyrophoric. It was 
found that boron emitters with a wide range sheet resistances (~20 – 200 Ω/sq.) could be 
achieved with very dilute boric acid sources (~0.5-2 wt.% boric acid in DI water) by 
controlling the diffusion time and temperature. This range of sheet resistances 
corresponds to surface concentrations in the range of ~1x1019 to 1x1020 cm-3 and junction 
depths of ~0.2-1.5 µm. In addition, uniform diffusion was obtained on both planar and 
pyramid textured surfaces using these spin-on sources. These results demonstrate that 
spin-on boric acid solutions are promising boron diffusion sources for fabricating high-
efficiency solar cells. Since the diffusion from many commercially-available, spin-on 
dopant sources are sensitive to age and ambient humidity and need refrigeration to 
maximize the shelf-life of the source, the stability of the spin-on boric acid sources were 
also tested.  Experimentation showed that the boric acid sources are stable at room-
temperature for at least 6 months. Diffusion from the sources is however sensitive to 
ambient conditions if boric acid-coated wafers are conventionally loaded in the diffusion 
boat, i.e. each slot in the diffusion boat has one boric acid-coated wafer. It was found that 
if two wafers are instead loaded back-to-back in one slot, reproducible doping can be 
obtained regardless of the ambient humidity (20-55%), ambient temperature (17-25 °C) 
and solution age (0-6 months). In addition, both wafers in a slot can be equally diffused 
even when only one of the two wafers is coated with boric acid. This reduces material 
consumption and the throughput per boat.  
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The next phase of the research involved selecting a diffusion condition/doping profile 
that can achieve the target BSRV of 200 cm/s and thereby deliver a 20% efficient B-BSF 
cell. The simplest B-BSF structure is one with full-area boron diffusion and full-area rear 
metallization because this structure requires just one additional step (boron diffusion) 
over the baseline Al-BSF process. However, modeling showed that achieving a BSRV of 
200 cm/s with full-area metallization requires a ~3 µm deep, electrically ‘opaque’ B-BSF 
with a high surface concentration of ~1x1020 cm-3. A literature search revealed that even 
with very high processing temperatures of ~1100°C, fabricating such a heavily doped 
BSF requires a ~5.5 hr. deposition + drive-in process. So while an opaque B-BSF allows 
20% efficiency to be achieved with a simple (and therefore commercially attractive) cell 
structure,  the high-temperatures and long process times required to achieve an opaque B-
BSF are commercially unattractive as it increases cost and reduces throughput. For 
example, the longest and highest-temperature step in the conventional full Al-BSF 
process is the POCl3 (emitter) diffusion step which has a peak temperature of 860-870°C 
and lasts just ~90 minutes (this figure includes the time taken to ramp to/from the peak 
process temperature).  Experimentation showed that maintaining the throughput of the 
Al-BSF process (i.e. limiting the boron diffusion cycle to 90 minutes) while using a 
relatively moderate peak temperature of 1000°C results in a ‘transparent’ ~1 µm deep B-
BSF that needs to be passivated to achieve efficiency of 20%. Specifically, model 
calculations showed that a recombination velocity of ~40,000 cm/s at the p+ surface (Sp+) 
is required to achieve the target BSRV or Sp/p+ of 200 cm/s. This means that if the 
throughput of the baseline Al-BSF process is to be maintained, increased process 
complexity in the form of an additional passivation step and local contacts is unavoidable. 
Therefore, finding a dielectric that: 1) provides high-quality passivation of a p+ surface in 
a process that lasts ≤ 90 minutes, and 2) is stable through a high-temperature (700-800°C) 
screen-printed contact firing cycle, became the next focus of this thesis. 
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In the passivation studies, several different dielectrics – thermal SiO2, low-frequency 
plasma-enhanced chemical vapor deposited (LF-PECVD) SiNX, thermal SiO2/PECVD 
SiNX stacks, atomic layer deposited (ALD) Al2O3, a commercially available spin-on SiO2, 
and a commercially available Al-doped spin-on glass (SOG) – were examined. From 
saturation current density (J0) measurements on symmetrically boron diffused and 
passivated samples and Implied VOC measurements on cell wafers, fired thermal SiO-
2/SiNX stacks and the Al-doped SOG were found to be the most promising dielectrics 
with both achieving Sp+ of ~18,000 cm/s on planar (un-metallized) p+ samples. However, 
only the fired thermal oxide/SiNX stack was able to provide passivation of similar quality 
on textured p+ samples. Area-average calculations then showed that achieving the cell-
level Sp+ of 40,000 cm/s with either dielectric requires a metal fraction of ≤ 2.5%. Since 
achieving such a low metal fraction with current screen-printing technology requires a 
point-contact pattern, the passivation studies also helped to determine the rear contact 
structure of the cells fabricated in this thesis.  
In summary, the results of the passivation studies provided two options for achieving 
a 20% efficient, passivated B-BSF cell: 1) a point-contacted, transparent, planar B-BSF 
with either Al-doped SOG or thermal oxide/SiNX passivation and 2) a point-contacted, 
transparent, textured B-BSF with thermal oxide/SiNX stack passivation. Since planarizing 
one side of a wafer can add up to two steps to the cell fabrication process, the latter 
appeared to be the more commercially-friendly option. However, bulk lifetime studies 
showed that the thermal oxide/SiNX passivation scheme resulted in severe degradation in 
the bulk lifetime due to Fe contamination of the wafer during oxidation. In contrast, the 
Al-doped SOG was found to both strongly getter Fe and passivate the B-BSF in the same 
thermal cycle. Since high lifetimes are required for achieving 20% efficient cells, these 
findings forced the use of the more complex rear-side structure – a planar B-BSF with 
Al-doped SOG passivation.  
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A surprising finding from the lifetime studies was that POCl3 diffusion after the B-
BSF diffusion was unable to effectively getter Fe and instead resulted in a net increase in 
the bulk Fe contamination. From experimental studies, this was attributed to Fe slowly 
leaking into the wafer bulk from the B-BSF during the POCl3 cycle. The strong Fe 
gettering ability of the Al-doped SOG was attributed to its negative charge density, i.e. 
the gettering is driven by electrostatic attraction between negatively-charged complexes 
in the SOG and positively charge interstitial Fe. 
The next phase of the thesis dealt with finding a back surface reflector (BSR) material 
that has RB = 95% and diffusivity (β) = 100%. Since the passivation studies established 
that the rear contacts needed to be point contacts, the BSR also needs to be electrically 
conductive so that it can electrically interconnect the rear point contacts. Several 
materials were tested in this phase of the thesis – evaporated Ag, evaporated Al, a screen-
printed Ag paste and a Ag colloid that is deposited with a brush. While none of these four 
materials met both the RB and the β targets simultaneously, the Ag colloid came the 
closest, with the Al-doped SOG/Ag Colloid stack having RB ~ 98% and β ~ 70%. 
Electrical resistivity measurements also showed that after a short sintering step at 400°C, 
the resistivity of the Ag colloid is similar to that of screen-printed Ag pastes fired at 
~700-800°C. 
The final phase of the thesis involved integrating the results of the modeling, 
passivation, lifetime and BSR studies into a cell fabrication sequence. This was 
successfully completed and a confirmed efficiency of 20.2% was achieved on a 4cm2, 
passivated B-BSF cell on FZ Si. However, device modeling showed that if this cell 
structure and process were transferred to commercial p-type Cz Si material, the light-
induced degradation (LID) effect that affects commercial p-type Cz material could reduce 
the efficiency to ~19%. Via both device modeling and device theory this large drop in 
cell efficiency due to LID was shown, to be linked to the well-passivated surfaces of the 
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B-BSF cell. Specifically, it was found that as the quality of surface passivation improves, 
the impact of LID on cell efficiency becomes larger. Since n-type substrates do not suffer 
from the same LID effect, the B-BSF cell process was applied to n-type FZ wafers. Since 
the Al-doped SOG used for rear passivation on the p-type B-BSF cells is not suitable for 
passivating a textured boron emitter, it was replaced with a thermal oxide/SiNX stack. 
The p-type B-BSF and the n-type boron emitter cell processes were otherwise nearly 
identical. With this process, a confirmed efficiency of ~20.3% was achieved on a 4cm2 
front-emitter n-type Fz cell. The Fe contamination that results from using thermal 
oxide/SiNX passivation did not limit the performance of the n-type cells as the minority 
carrier lifetime of n-type Si wafers is not as strongly affected by Fe impurities (compared 
to the effect of Fe on the lifetime of p-type Si wafers).  
Thus, through a combination of modeling-driven device design, technology 
development and process integration, > 20% efficient, screen-printed cells (4 cm2) were 
achieved on both p- and n-type substrates using a spin-on boron source. These 
achievements relied on technologies and processes developed in this thesis which 
resulted in high cell bulk lifetimes and well-passivated, boron-doped p+-regions which 


















1.1 The Promise of PV 
 
Historically, our ever-increasing demand for energy has been satisfied mainly by 
expanding our use of fossil fuels [1]. Both globally and in the United States, fossil fuels 
currently account for ~85% of the energy mix (Figures 1.1 and 1.2). In contrast, the 
contribution of renewables such as PV to the energy mix has stayed comparatively 
stagnant over the past 50 years. Increased energy use has however been accompanied by 
an increase in mean global temperature (Figure 1.3) and increased emissions of 
greenhouse gases such as CO2 due to burning of fossil fuels have been implicated as the 
cause [2]. Concern over rising temperatures has, in turn, led to increased demand for 
alternate sources of energy generation. The International Energy Agency (IEA) projects 
that limiting the global mean temperature increase to < 2.5°C by 2050 requires 
renewables to account for 17% of world energy generation [3].  
Photovoltaics (PV) – the direct conversion of sunlight to electricity – is a promising 
renewable energy source as the annual global insolation of ~3.8x1024 J is ~10,000 times 
the global annual energy consumption (~5x1020 J) [1].  The promise of PV as an energy 
source is further enhanced by the fact that the global distribution of solar energy (Figure 
1.4) matches up very well with current consumption and emission patterns. As shown in 
Figure 1.5, just five countries – the United States, China, India, Brazil and Australia – 
account for nearly half of both global energy use and global CO2 emissions [4].  As each 
of them also happens to be rich in solar energy [5], PV has the potential to be a major 






























































































Figure 1.3 Global surface temperature anomalies with respect to the 1961 to 1990 
average. Bottom: mean of the noted datasets and Top: difference between the noted 





















Figure 1.4 Global map of clear sky insolation incident on a horizontal surface 












































































































Figure 1.6 Energy mix by source in the United States (
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Figure 1.7 Costs of various electricity generation sources in the United States from 
plants under construction in 2011 [6].  
 
 
However, PV accounted for < 0.1% of U.S. energy production in 2009 (Figure 1.6) 
mainly due to the cost of PV electricity generation being ~2x compared to that of fossil 
fuel and nuclear generation (Figure 1.7) [1], [6].  
Higher efficiency solar cells (≥ 20%) on ~150 µm thick wafers have the potential to 
dramatically reduce the cost of PV generation if they can be produced at sufficiently low 
cost [7]. However, such high efficiencies have typically been achieved only in the 
laboratory using complicated and prolonged processing methods that make these cells 
much more expensive than their lower efficiency, industrially-produced counterparts. As 
the PV market is currently dominated by Si wafer based cells (Figure 1.8) driving down 
the cost of silicon solar cells is important for making PV economically competitive [8], 
[9]. The challenge of achieving high efficiency Si solar cells using low-cost, industrially 
feasible fabrication methods provides the impetus for this study.  
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Figure 1.8 Global cumulative installed PV capacity 

















Currently, the Al-BSF structure shown in Figure 1
structure. In brief, the fabrication of this structure invol
front of the device, depositing a silicon nitride (SiN) 
followed by screen-printing a layer of aluminum (Al) o
and a grid of silver (Ag) fingers on the front side. A sho
results in the screen-printed metals making electrical c
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ves forming a p-n junction on the 
anti-reflection layer on the front, 
n the entire rear side of the wafer 
rt, high temperature firing process 
ontact to the Si solar cell. During 
this firing process, Al also dopes the silicon which results in the formation of a 
passivating p+-Si layer called the aluminum back surface field (Al-BSF) [10]. The 
industrial popularity of the Al-BSF cell structure can be attributed to the low cost, high 
throughput nature of this simple fabrication process. However, this basic cell structure is 
insufficient for achieving the target of 20% efficiency on 150 µm thick wafers. The Al-
BSF results in fairly high rear recombination losses and has a high degree of parasitic 
light absorption. As a result, the efficiency of commercial Al-BSF cells has plateaued at 
~19% on ~1.3-3 Ω-cm ~180-300 µm thick wafers [7], [11]. Furthermore, a thermal 
coefficient mismatch between Al and Si often results in warping of wafers after Al-BSF 
formation with warping increasing as the wafer thickness drops [12]. Thinning down the 
wafer to ≤ 150 µm is an important commercial goal as the wafer alone constitutes ~50-
60% of the cost of a cSi module (Figure 1.10) [13]. However, warping on thin wafers can 
lead to wafer breakage/cracking thereby reducing yields to unacceptably low levels.  
These limitations point to a need for advanced cell structures that can achieve high 
efficiencies using industrially viable fabrication technologies while avoiding warping of 























1.2 Thesis Outline and Specific Research Tasks 
 
As noted in review above, the efficiency of the screen-printed Al-BSF cell is limited 
by high rear surface recombination losses and high parasitic absorption (i.e. low 
reflectance) at the rear surface. The aim of the research described here is to reduce both 
loss mechanisms by replacing the Al-BSF with a boron back surface field (B-BSF). The 
final goal is to demonstrate 20% efficient cells using a screen-printed B-BSF cell 
structure fabricated using low-cost, industrially relevant methods. The work done towards 
this goal is divided into 6 tasks as described below. 
Though the Al-BSF structure is not the focus of this study, Task 1 involves the 
fabrication of a high efficiency (~19%) Al-BSF cell. After thorough experimental 
characterization, a detailed computer model of this ‘baseline’ cell is constructed. 
Simulations are then run on this model in order to identify a set of improved cell 
parameters – namely SRV, bulk lifetime and rear reflectance values – that can lead to 
20% efficient cells. The remaining tasks will involve experimental realization of these 
improved cell parameters using a B-BSF cell structure. Task 2 involves the investigation 
of boric acid as a potential low-cost, non-toxic, spin-on boron diffusion source. The 
objectives of this task are to demonstrate that boric acid is a viable alternative to 
conventional boron diffusion sources and to identify boron diffusion processes that are 
capable of achieving 20% efficient cells. In Task 3, passivation studies are used to 
identify materials that can passivate a B-BSF well enough to meet the target BSRV value 
obtained in Task 1. Task 4 involves a systematic study of bulk lifetime degradation and 
iron contamination due to boron diffusion and the development of a cell fabrication 
sequence that limits the impact of iron on bulk lifetime. Task 5 is devoted to the study of 
back surface reflector materials with the aim of finding an electrically conductive and 
highly reflective, Lambertian reflector material that meets the reflectance targets obtained 
from the computer simulations in Task 1. In the final task, the results of all the previous 
tasks will be integrated to realize a 20% efficient screen-printed B-BSF solar cell. 
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1.2.1 Task 1: Identifying a Pathway to 20% Efficient Screen-printed Cells via 
Fabrication and Characterization of Screen-Printed Al-BSF Solar cells 
 
The screen-printed (SP) Al-BSF cell structure is workhorse of the commercial PV 
industry due to the simplicity and high-throughput nature of the fabrication process. 
However, the high BSRV and a low RB of this structure has limited its efficiency to 
~19% on 180-300 µm thick cells using wafers in the ~1-3 Ω-cm resistivity range 
typically used in industry [7, 11]. With thinner wafers, manufacturing yield is a concern 
because firing of SP Al pastes results in wafer warping/bowing and increased breakage 
[12]; while ‘low-bow’ pastes can reduce the warping there is often a trade-off between 
wafer bow and passivation quality [14, 15]. A B-BSF structure is a promising alternative 
because it not only avoids the bowing problem and can also provide a lower BSRV 
because silicon can be doped more heavily with boron than with aluminum.  
The first step towards attaining a 20% efficient B-BSF cell is to identify and quantify 
a set of cell parameters that is capable of achieving this efficiency target. To accomplish 
this goal, a ~19% efficient baseline Al-BSF cells is first fabricated. The process sequence 
used here to fabricate this cell is very similar to that used in industry – it features a POCl3 
diffused emitter with sheet resistance of 70-80 Ω/sq, front-side SiN passivation and 
single-printing of the front Ag gridlines (~120 µm wide) and rear-side, full-area Al. The 
electrical and optical characteristics of this cell are then determined from bulk lifetime, 
quantum efficiency, reflectance, light I-V and dark I-V measurements and used to build a 
computer model using PC1D [16]. Iterative simulations are then performed on this 
baseline model to determine the values for front and back surface recombination 
velocities (FSRV and BSRV), back surface reflectance (RB) and bulk lifetime that are 




1.2.2 Task 2: Development of Boric Acid as a Spin-on Source for Boron Diffusion 
 
Dilute solutions of boric acid in de-ionized water are investigated as a novel boron 
diffusion source for forming diffused layers for solar cells. While a review of the 
literature shows that there is a known chemical pathway that allows for the diffusion of 
boron into Si from boric acid, the applicability of this source to solar cell fabrication has 
not been previously demonstrated. The effect of source concentration, diffusion time and 
diffusion temperature on the sheet resistance and boron profiles is studied in this task. 
The stability of the source over time and the impact of processing methods and ambient 
conditions on reproducibility are also examined. 
 
1.2.3 Task 3: Passivation of Heavily Boron Doped Silicon  
 
In Task 1, the BSRV (i.e. the SRV at the p/p+ interface or Sp/p+) required for 
achieving 20% efficient cells was determined. In this task, the computer modeling from 
Task 1 is extended to identify ‘opaque’ and ‘transparent’ B-BSF profiles that can result in 
20% efficient cells along with the passivation quality at the p+ surface (Sp+) required for 
both profiles. The trade-offs between the two profile types are examined and 
‘transparent’ profiles are identified as being more suitable for industrial manufacturing. 
Based on this determination and the experimental work in Task 2, a boric acid diffusion 
recipe that can realize the simulated, transparent profile is chosen for cell fabrication. 
Finally, several dielectric materials are investigated with the goal of finding a passivation 
scheme that can provide the Sp+ value required for achieving a 20% cell with a 
transparent B-BSF. The impact of surface texturing on the passivation of the p+-Si 
surface is also studied along with the stability of each passivating dielectric through a 
high-temperature, contact firing cycle and the stability over time. 
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1.2.4 Task 4: Study of Bulk Lifetime Degradation due to Boron Diffusions and 
Process-Induced Gettering of Iron 
 
Though low post-diffusion bulk lifetimes have been reported for all boron sources, 
the physical cause of the low lifetimes has not been well investigated. In this task, the 
impact of boric acid diffusions on lifetime is experimentally studied with a focus on 
identifying process conditions and physical mechanisms that result in lifetime 
degradation. As iron (Fe) contamination is widely assumed to be cause of lifetime 
degradations, emphasis is placed on experimentally determining if Fe contamination can 
account for the low lifetimes reported in the literature for boron diffusion processes. The 
impact of processing conditions on Fe contamination and gettering is also examined and 
a novel, dielectric charge based mechanism for gettering Fe is discovered. The overall 
aim of this task is to meet or exceed the bulk lifetime target determined in Task 1. 
 
1.2.5 Task 5: Characterization of Electrically Conductive, Back Surface Reflectors 
 
Task 1 involved determining the values of BSRV and RB that can lead to 20% 
efficient cells. While Tasks 2 and 3 are devoted to the meeting the BSRV requirements, 
this task focuses on finding a back surface reflector (BSR) material that can achieve the 
required RB characteristics. Several materials are characterized in terms of their 
reflectance (RB) and light scattering (β) ability. The electrical conductivity of these BSR 
materials is also studied in order to determine if they can serve as both the rear reflector 
and the back contact of a finished solar cell.  
 
1.2.6 Task 6: Fabrication and Analysis of 20% Efficient B-BSF Solar Cells 
 
This task involves bringing together the experimental work done on surface 
passivation, bulk lifetime and back surface reflectors in Tasks 2 through 5 in order to 
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achieve 20% efficient screen-printed solar cells on FZ Si. The electrical and optical 
parameters of the cell are analyzed in order to check how well the parameters of the 
experimentally realized cell match the values predicted by the computer modeling work 
done in Task 1.  Since commercial solar cells are made on Cz Si wafers (which suffers 
from light-induced degradation or LID thanks to a high oxygen concentration in the 
material), the effect of LID on well-passivated, high-efficiency cell designs is examined 
through simulations and device theory. Since n-type substrates are not affected by the 
LID mechanism, a slightly tweaked version of the 20% p-type B-BSF cell process is 









As the aim of this research is to reduce the recombination and the optical losses 
suffered by the Al-BSF cell structure, it is useful to first discuss the physical mechanisms 
behind these losses and identify the parameters used to quantify them. The focus of this 
section is on p-type devices where electrons are the minority carriers. N-type cells can be 
described in a similar fashion but with holes as the minority carriers. 
 
2.1 Electronic Losses in a Solar Cell 
 
In general, the operation of a p-type solar cell relies on two-steps: 1) transfer of 
energy from light to electrons via absorption, and 2) Transfer of the energized/photo-
excited electrons to an external load. Recombination refers to any process that causes a 
photo-excited electron to lose its energy, thereby allowing it to be recaptured by the host 
semiconductor before step 2 is completed. In the language of semiconductor physics, 
absorption results in the generation of electron-hole pairs, where a hole is a conceptual 
particle representing the absence of an electron in the semiconductor lattice. The process 
of a photo-excited electron losing its energy and being recaptured by the lattice can 
therefore be thought of as an electron recombining with a hole. All electronic losses in a 
solar cell involve electron-hole pair recombination and it is the conceptual picture used in 
all the mathematical descriptions of recombination that follow.  
In a typical Si solar cell, recombination occurs in various regions of the cell (Figure 
2.1): 
1. The base or bulk region 
2. The front emitter 
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The formation of the p-n junction results in an electric field, ε, being setup at the 
junction (Figure 2.1). Since electrons and holes are charged particles (negatively and 
positively charged respectively), they respond to this electric field with electrons being 
swept to the n-type region (as shown in Figure 2.1) and holes being swept to the p-type 
region (not shown). This flow of carriers across the p-n junction constitutes the 
photocurrent (IL). The separation of charged carriers also creates a potential or voltage 
difference (V) across the solar cell diode called the photovoltage. This potential 
difference causes the photocurrent to flow through any external load connected to the cell, 
i.e. electrons flow out of the n-type side, through the external load and return to the hole-
rich p-type side of the cell where it recombines with a hole.  
The loss of photo-excited carriers via recombination hurts the process described 
above. Recombination in the base side of the depletion region (i.e. the wafer bulk, the 
BSF and the rear surface) results in carriers being lost before they cross the p-n junction 
thereby reducing the photocurrent. Recombination in the emitter side of the depletion 
region (i.e. the emitter bulk and the front surface) similarly results in minority carriers 
being lost before they can be separated and transferred to an external load. 
Mathematically, the net current output of a solar cell, I, is given by  
LnkT
qV
LDark IeIIII −−=−= )1(0                                             (2.1) 
where I0 is called the saturation current density and n is the ideality factor. Note that the 
first term in Equation 2.1 (IDark) is simply the diode equation which describes the I-V 
relationship of a forward-biased diode. Physically, this dark current (IDark) is a diffusion 
current composed of electrons from the electron-rich n+ emitter diffusing to the electron-
poor p-type base. As the drift current of photogenerated carriers flows in the direction 
opposite to that of the dark diffusion current, it simply subtracts from the dark current 
according to the superposition principle. Graphically, the I-V curve of a solar cell is the 


























Figure 2.2 I-V characteristic of a solar cell in the dark and under illumination. 
 
current is negative because the direction of current flow is, by definition, in the direction 
opposite to the flow of electrons. Conventionally however, the photocurrent in solar cells 
is written as a positive current and Equation 2.1 is also often written in terms of a current 
density, J (A/cm2): 
)1(0 −−= nkT
qV
L eJJJ                                                        (2.2) 
The important operational modes of a solar cell are open-circuit – when there is no 
load connected to the cell – and short-circuit – when the two ends of the cell are short-
circuited. Under short-circuit conditions, there is no potential drop/voltage difference 
across the device, i.e. V = 0 in Eq. 2.2. The second term in the equation therefore drops 
out and JSC ≈ JL, is the maximum current output of the device.  
Under open-circuit conditions, there is no external load and therefore no current flow, 








nkTV SCOC                                                   (2.3) 
Note that the discussion of the I-V characteristics has so far not included 
recombination. Physically, recombination of electron-hole pairs does not constitute a 
current. Mathematically however, recombination can be treated in the same way as the 
dark diffusion current, i.e. a recombination current that opposes the flow of the 
photocurrent. In the one-diode model of a solar cell given by Equations 2.1 and 2.2, both 
effects – the ‘dark’ diffusion current and recombination – are lumped into the single dark-
current term  
An increase in either the dark diffusion current or the recombination current increases 
J0 and thus reduces both JSC and VOC (by equations 2.2 and 2.3). For an ideal diode, n = 1. 
In real devices, the ideality factor can be greater than 1. The ideal and non-ideal 
behaviors of real devices are often split up using the 2-diode model, with the I-V 
relationship being given by 





L eJeJJJ                                      (2.4) 
where n1 = 1 and J01 are the ideality factor and saturation current density of an ideal diode 
and J02 and n2 represent the non-ideal diode. The 2nd diode is traditionally linked to 
recombination in the depletion region with n2 = 2, but in real devices, n2 is often greater 
than 2 due to various recombination phenomenon [17-19]. Three diode models have also 
been suggested for accurate modeling of lighted and dark I-V curves [19, 20]. 
It is clear from the discussion above that recombination results in a loss of both 
voltage and current and therefore reduces the efficiency, η, of a solar cell which is 









==η                                           (2.5) 
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where, Pin is the incident optical power (1000 W/m2 for normalized AM1.5 illumination) 
and Pout is the electrical output power. Fill Factor (FF) is affected by VOC, JSC and 
electrical (series and shunt resistance) losses in the cell. An empirical mathematical 
model of how each affects the FF can be found in Ref. 21. 
Experimentally, the minority carrier lifetime, τ, is used to quantify recombination 
losses within the silicon wafer. The lifetime is a statistical concept representing the 
amount of time an ‘average’ photo-excited electron survives before recombining and it is 




≡τ                                                                    (2.6) 
where, typically, U is in units of cm-3/s and ∆n is in units of cm-3 and the lifetime is in 
units of seconds (s). There are three physical recombination mechanisms in a 
semiconductor: 
1. Radiative Recombination 
2. Auger Recombination 
3. Recombination via defect states in the semiconductor band-gap (also called 
Shockley-Read-Hall or SRH recombination). 
Surface recombination – which is caused by unsatisfied dangling bonds at the surface 
of a wafer – is treated as a special case of bulk SRH recombination applied to a two-
dimensional surface. In practice, recombination occurs in all regions of a solar cell 
simultaneously. Experimental measurements therefore reflect an effective recombination 
rate and an effective lifetime, τeff (using equation 2.6):  





111111            (2.8) 
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Recombination in each region is effected by the radiative, Auger and SRH mechanisms 
and the following sections step through each of these. 
 
2.1.2 Recombination Mechanisms 
 
2.1.2.1 Radiative Recombination 
Radiative recombination refers to the direct recombination of an electron and a hole 
as shown in Figure 2.3. It is the reverse of photogeneration process, with the energy of 









Figure 2.3 Energy band diagram illustrating radiative recombination.  
 
The radiative recombination rate, Urad, is given by: 
))(( 00 ppnnBBnpU rad ∆+∆+==                                  (2.9) 
where B is the radiative recombination coefficient and n and p are the electron and hole 
concentrations. n0 and p0 are the concentrations in the dark (due to doping) and ∆n and 
∆p are the excess concentrations (generated by light in the case of a solar cell). Using 





=τ                                                     (2.10) 
Under low level injection (LLI) conditions (where ∆n, ∆p << n0, p0) and high level 





, =τ                     nBHLIrad ∆
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,τ                             (2.11) 
where NDoped is the electron/hole concentration due to doping, typically written as ND and 
NA for donor and acceptor dopants respectively. 
Radiative recombination is not significant in silicon due to the fact that silicon is an 
indirect semiconductor, which means that the bottom of the conduction and valance 
bands do not line up in k-space (momentum). As recombination requires that both energy 
and momentum be conserved, radiative recombination in Si requires the participation of a 
phonon of the right momentum. This extra requirement reduces the probability of 
radiative recombination and is reflected in the low value of B = 9.5x10-15 cm3/s measured 
for silicon [22].  
 
2.1.2.2 Auger Recombination 
Auger recombination is a phenomenon in which the energy lost by a recombining 
electron is transferred to a third electron or hole which gets kicked higher up in the 














The total Auger recombination rate is the sum of the recombination rates of the two-
electron process and the two-hole process, Ueeh and Uehh: 
22 npCpnCUUU pnehheehAuger +=+=                              (2.12) 
where Cn and Cp are the respective Auger coefficients. Using Equations 2.6 and 2.12, the 






















=τ         (for p-type Si)   (2.14) 
where the various symbols have their usual meanings. The most widely used Auger 
coefficients are those Dzeiwior and Schmid: Cn = 2.8x10-31 cm6/s and Cp = 9.9x10-32 
cm6/s for silicon with dopant concentration greater than 5x1018 cm-3 [23]. These are also 
the values used by PC1D.  
A comparison of Equations 2.11, 2.13 and 2.14 clearly shows that Auger 
recombination is much stronger in heavily doped silicon than radiative recombination – 
the Auger lifetime decreases as the square of the dopant concentration while the radiative 
lifetime decreases linearly with doping concentration. Auger recombination is therefore 
the dominant mechanism in solar cell emitters and back surface fields. It is also worth 
noting that values of the two Auger coefficients, Cn and Cp, show that Auger 
recombination in heavily doped n-type Si is roughly three times stronger than in p-type 
silicon. P-type cells, which have n-type emitters, are therefore more affected by Auger 
recombination. 
Experimentally, the Auger recombination rate has been reported by several authors to 
be higher than that calculated by Dzeiwior and Schmid, which is thought to be a result of 
Coulombic interactions between the charged particles and other effects. The most recent 
results of Kerr and Cuevas [24] provide somewhat different expressions for the Auger 
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lifetime, but preserve the conclusions that the Auger recombination process is dominant 
over radiative recombination in heavily doped silicon and that it is three times more 
effective in heavily doped n-type silicon. These revised expressions are valid for dopant 













=τ                   (for p-type Si)               (2.16)   
 
2.1.2.3 Shockley-Read-Hall (SRH) Recombination 
The presence of defect states in the semiconductor bandgap can greatly enhance the 
probability of recombination by allowing an excited electron to lose energy in small 
increments (Figure 2.4) instead of in a single large step as in the case of radiative and 
Auger recombination. Such defect states are created by both impurities and crystal 
defects in a semiconductor lattice. Under 1-Sun illumination, SRH recombination is the 
dominant mechanism in the base or bulk region of solar cells fabricated on defective 










Figure 2.5 Energy band diagram illustrating recombination through a defect level in 
the bandgap.  
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These defects and impurities typically limit the SRH lifetime of commercially-used 
Czochralski (Cz) or multi-crystalline Si substrates to a few hundred microseconds or less. 
In contrast, the Auger-limited lifetime on typical wafer resistivities (≥ 0.6 Ω-cm) is over 
1 ms using either the Dzeiwior and Schmid model or the Kerr model. SRH recombination 
often dominates in the bulk even for high quality material grown using the float-zone 
(FZ) method due to the introduction of defects and/or impurities during solar cell 
processing.  
The recombination rate due to defect levels in the bandgap was first analyzed by 












                                      (2.17) 
where τn0 and τp0 are the electron and hole lifetimes, which are related to the thermal 
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The capture cross-sections are related to the probability of a defect state capturing an 










=                          (2.19) 
where ni and Ei are the intrinsic carrier concentration and the intrinsic energy level 
respectively, T is the temperature and k is the Boltzmann constant.  







1010 )()( τττ                                       (2.20) 
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where the symbols have their usual meanings. It can be seen from Equation 2.20 that the 
SRH lifetime depends on both the dopant level, the injection level and defect-specific 
properties like the capture cross-section and the defect energy level. The SRH lifetime 


















ττ        00, pnHLISRH τττ +=   (for p-type Si)      (2.22) 
 
An important conclusion that follows from Equations 2.21 and 2.22 is that the SRH 
lifetime at LLI can be either approximately constant (the first term in the LLI equations) 
or increase with the injection level (the second term in the LLI equation) depending on 
the capture cross-section ratio and the energy level of the defect state. This relationship 
between the injection-level-dependent SRH lifetime and the properties of a defect can be 
used to identify the defect species in Si and is discussed in more detail in Chapter 8 for 
the case of Fe contamination of Si.  
A second important conclusion is that defects close to the middle of the band (known 
as recombination centers) are the most effective recombination sites. For such deep 
defects, n1 and p1 become very small and the second term in the LLI equations drops out.  
0, pLLISRH ττ =    (for n-type Si)                                   (2.23)    
0, nLLISRH ττ =    (for p-type Si)                                   (2.24) 
The HLI equations remain unchanged which means that the SRH lifetime also increases 
with injection level for deep defects. 
 
2.1.2.4 Surface Recombination 
Surface recombination can be treated as an extension of the bulk SRH mechanism 









Figure 2.6 Energy band diagram illustrating surface recombination through surface 
defect states in the bandgap. 
 








=                                                           (2.25) 
where ∆nS is the excess carrier concentration at the surface. For a single surface state, the 






















=                                                (2.26) 
where ns and ps are the surface carrier concentrations and Sp0 and Sn0 are the 
characteristic surface recombination velocities for electrons and holes which are given by 
thSTnn vNS σ=0                                                  (2.27) 
thSTpp vNS σ=0                                                  (2.28) 
NST is the density of surface states and the other symbols have their usual meanings from 
bulk SRH theory. 






















=                                                   (2.29) 
for a single surface defect level. In practice, the wafer surface has a large number of 
surface states at various energy levels. The total surface recombination rate is calculated 





























                          (2.30) 
Where Dit is the surface trap density per unit energy (cm-2/eV) and substitutes for NST 
used in the single defect level version for US. 
It is clear from equation 2.29 and 2.30 that recombination at a surface requires the 
presence of all of the following – electrons, holes and the defect states which mediate the 
recombination process. Reduction in one or more of these three results in reduced surface 
recombination. In practice, this is achieved by field effect passivation and interface 
passivation (which is also called chemical passivation): 
1. Field-effect passivation works by reducing the concentration of either electrons or 
holes at the surface by using an electric field that repels one or the other from the 
surface. This electric field can be set up either using a charged surface dielectric, 
and/or by doping the surface (Figure 2.7). The type of carrier – electron or hole – 
that is repelled depends on the dopant type and dielectric charge polarity. Field 
effect passivation of the rear surface of p-type cells is typically achieved with a 
p+-doped surface layer called the back surface field (BSF) and/or a negatively 
charged dielectric; both of which repel minority carrier electrons from the rear 
surface. (Figure 2.6). Both heavier doping and a higher dielectric charge density 
result in a stronger surface electric field and steeper band-bending which 




















Figure 2.7 Band-diagrams illustrating the electric field and band-bending caus
(a) p+-BSF doping and (b) a negatively charged dielectric and its effect on ele
flow. 
 
push holes away from the surface can have the same effect on S as a nega
charged surface dielectric, it increases the risk of parasitic shunting [19]. 
2. Interface passivation involves reducing the density (Dit) and/or capture c
sections of surface defect states. In practice, this is achieved by depo
dielectrics that are can satisfy the dangling bonds at the wafer surface. 
In real devices, both field-effect and interface passivation co-exist to varying ex
depending on the structure used. Thermal oxide (SiO2), for example, is commonly us
reduce the density of defect states (Dit) at the Si surface, but also has a positive c
density on the order of 1011 cm-2 [27]. High efficiency solar cells typically use
passivation methods. For example, the record-high efficiency of 25% was achieved
the PERL (passivated emitter rear locally contacted) structure which has both
quality rear SiO2 passivation and localized B-BSF regions under rear point contacts [
 
2.1.3 Emitter Recombination 
Before going through a discussion on emitter recombination, it is important to
that the term ‘emitter recombination’ is often used to denote recombination in






















a p-n junction (i.e. the emitter) or a BSF. In the following discussion, the term ‘emitter’ 
refers to both the emitter side of the p-n junction and to the BSF.  
Emitter recombination is a complex phenomenon which is affected by multiple 
physical processes. It is therefore common to measure an effective emitter recombination 
velocity (Seff) which includes the combined effects of all these processes including SRH 
and Auger recombination in the spatially non-uniform emitter, bandgap narrowing (BGN 
- which increases ni within the emitter), as well as recombination at the emitter surface. 
For the BSF of a p-type cell, Seff is defined at the p/p+ interface (Sp/p+) and for the emitter 
of a p-type cell, it is defined at the n+/p interface (Sn+/p) as shown in Figure 2.8. The 
effective recombination can also be characterized as a minority carrier recombination 






npJJ                                             (2.31) 
where n and p are the electron and hole concentrations at the interface. As any current 
density is simply the product of the electron charge and the electron 
recombination/generation rate, the emitter recombination current can also be written as 
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Using the definition of surface recombination rate (equation 2.25), and equations 2.31 








=                                                 (2.33) 










=                                                (2.34) 
where NA is the dopant density of the p-type base. Depending on whether the base is at 
high or low-level injection, either the NA or the ∆n term drop out. Note that, like Seff, the 
value of J0E is affected both by surface recombination and bulk emitter recombination. 
J0E can be experimentally measured using the transient photoconductive decay 
(transient PCD) method of Kane and Swanson [29]. If both J0E and the emitter doping 
profile are known, the effect of recombination at the doped surface (Sn+ or Sp+) and 
recombination in the emitter bulk on J0E can be separated using computer modeling. It 
should be noted that the value of Sn+ or Sp+ extracted from such computer modeling 
depends heavily on the physical models used to account for the Auger, SRH and BGN 
processes that affect emitter recombination. As discussed in Section 2.1.2.2, there are 
multiple physical models for Auger recombination. There are also multiple values for ni 
and multiple BGN models [30-34]. In this thesis, PC1D and the models/values for Auger 
recombination, BGN and ni implemented therein are used to calculate S at passivated 
emitter surfaces from J0E measurements. Details on how PC1D is used for this purpose 
are given in Chapters 4 and 7 which discuss, respectively, passivation of phosphorous 
and boron emitters. 
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2.2 Optical Losses in a Semiconductor 
 
The major optical losses in a typical silicon solar cell are summarized in Figure 2.9 
showing: 
1. Reflection at the front surface. 
2. Parasitic absorption in anti-reflection coatings. 
3. Parasitic free carrier absorption in heavily doped regions. 
4. Parasitic absorption at the rear surface 
5. Escape reflection from the cell interior. 
Each of these mechanisms serves to reduce photogeneration and thus JSC and VOC 
(Equations 2.2 and 2.3). Reducing these losses is an important part of cell design and 
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e 2.9 Schematic showing optical loss mechanisms in a silicon solar cell –  
nt surface reflection, 2) parasitic absorption in anti-reflection layer(s), 3) free 
er absorption in heavily doped regions, 4) absorption at the rear surface/rear 
ct and 5) escape reflectance. The arrows indicate light rays (refraction is 
ed for simplicity). 
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2.2.1 Front Surface Reflection 
The cumulative photocurrent density (JL in A/cm2) in a solar cell is given by 
     LL qGJ =                                                        (2.35) 
where q is the electron charge and GL is the cumulative generation rate in cm-2.s-1. Fewer 
photons entering the cell translate into reduced generation and thus a lower the 
photocurrent and (via Equation 2.3) a lower VOC. Reduction of front surface reflection is 
therefore a very important element of solar cell design.  
For a planar Si wafer in air, the reflectance at the Si surface for normally or near-











=                                                     (2.36) 
where n1 and n2 are the refractive indices of air and Si respectively and k is the extinction 
co-efficient for Si.  Due to the high index of Si (n > 3.5) over the wavelength range of 
interest (typically 300-1200 nm), the reflectance for bare silicon surface in air is very 
high (> 30%) as shown in Figure 2.10. This high surface reflectance can be reduced 
through the use of anti-reflection coatings (ARCs) and/or surface texturing.  
For a planar wafer in air coated with a single, non-absorbing ARC (i.e. k = 0), the 






















=                         (2.37) 
where n0, n1 and n2 are the refractive indices of air, ARC and Si respectively and θ (the 




dn1.2=                                                           (2.38) 
where d is the thickness of the ARC. If the thickness of the ARC is properly chosen, light 
reflected at the air/ARC interface and at the substrate/ARC interface (Figure 2.9) 
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Figure 2.10 Reflectance of planar Si wafers in air with and without an anti-
reflection SiNX (n = 2.03 @ 600 nm) coating deposited at Georgia Tech. The long 
wavelength portion beyond 1000 nm is obtained via extrapolation. 
 




=dn                                                            (2.39) 
201 nnn =                                                        (2.40) 
ARCs that satisfy these conditions are sometimes referred to as quarter wave coatings. 
Generation in Si solar cells is maximized by minimizing the reflectance at 600 nm, which 
is close to the peak of the AM1.5 spectrum. For Si solar cells, thermal SiO2 (n ~ 1.46 @ 
600nm) and SiNX (n ~ 2 @ 600 nm) are the most common ARC dielectrics due to their 
ability to passivate the silicon surface. As shown in Figure 2.10, a SiNX layer (n = 2.03 at 
600 nm) can reduce the average weighted reflectance (AWR) of a planar Si surface from 





















W*tan(θ1) W*tan(θ2)  
Figure 2.11 Ray diagram of normally incident light on a pyramid textured surface 
for λ ~ 600 nm. The gold dotted lines show the ray-paths without surface texturing 
(i.e. a planar surface). W is the wafer thickness. 
 
 
Reflection can also be reduced by texturing the surface such that an incident ray 
strikes the surface at least twice (Figure 2.11). Random pyramid texturing is the most 
common industrial method for texturing the surface of a <100> single-crystal Si wafer 
and is the method used in this thesis. Even without an ARC, the double-strike reduces the 
average weighted reflectance down to ~11% (Figure 2.12). Using both pyramid texturing 
and a single layer SiNX (n = 2.03 @ λ = 600 nm) ARC, the reflectance drops to ~4%.  
A second benefit of surface texturing is that refraction at the front surface (Figure 
2.11) increases the optical path length from W (the wafer thickness) to W/cos(θ) (~1.4 
and ~1.6 times the wafer thickness for the first and second bounce rays respectively). 
This increased path length improves the absorption of long-wavelengths that are weakly 
absorbed in silicon. The enhancement in the path length can be further improved if the 
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)
Figure 2.12 Reflectance of random pyramid textured Si wafers in air with and 
without an anti-reflection SiNX (n = 2.03 @ 600 nm) coating deposited at Georgia 
Tech. The long wavelength portion beyond 1000 nm is obtained via extrapolation. 
 
 
2.2.2 Parasitic Absorption in Anti-reflection Coatings 
Absorption of light passing through a material is described by the Beer-Lambert law  
xeIxI .0)(
α−=                                                   (2.41) 
where I0 is the intensity of incident light, I(x) is the intensity of light in the absorbing 
material at depth x, and α is the absorption coefficient which is a function of the 
imaginary part of the complex refractive index or extinction coefficient, k, of a material 
λ
πα k4=                                                         (2.42) 
The most common ARC materials used for Si solar cells, SiO2 and SiNX, have negligible 
to low absorption as their extinction coefficients are zero or nearly so over the 300-
1200nm wavelength range [36]. Alternate AR coatings such as Indium Tin Oxide (ITO), 
ZnO and SiCN do however show appreciable absorption [37-40].  
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2.2.3 Free Carrier Absorption 
Free carrier absorption (FCA) refers to an intraband process where carriers are 
excited to higher energy levels within the conduction or valance band, instead of being 
excited from the valence to the conduction band. As this does not cause any additional 
electron-hole pair generation, the FCA process does not contribute to the photocurrent 
and the absorbed energy is instead lost as heat.  
The FCA process is significant only in heavily doped regions such as emitters and is 
observed as an enhanced absorption of long-wavelength light (compared to absorption in 
intrinsic or lightly doped silicon) [41]. In PC1D, this enhanced absorption is modeled as 
224327 107.2106.2 λλα pxnxFCA
−− +=                                (2.43) 
Where λ is wavelength in nm. Other values for the coefficients and wavelength 
exponents have also been reported [41]. Though FCA is a an undesirable process, PC1D 
simulations have previously been used to show that FCA in emitters has a much smaller 
impact on current loss than Auger recombination and BGN in emitters [42].  
 
2.2.4 Rear Reflectance/Absorption 
Figure 2.13 shows the absorption coefficients of Si as a function of wavelength. The 
weak absorption of Si wavelengths close to and beyond the optical band-edge of Si at 
~1100 nm (1.12 eV) means that Si wafers need to be fairly thick to completely absorb, in 
a single pass, light in the 850-1200 nm range which holds nearly 25% of the optical 
energy in the AM 1.5 spectrum (Figures 2.14 and 2.15). But if the rear of a cell features a 
back surface reflector with 100% reflectance, the same amount of absorption can be 
achieved with half the wafer thickness as the back reflector will result in long-wavelength 
light making at least two passes through the cell as shown in Figure 2.9.  
In practice, BSRs have reflectances < 100% due to parasitic absorption. In high-































































































Figure 2.14 AM 1.5G (IEC 60904-3) spectrum [45]. The inset shows the cumulative 


































Figure 2.15 Thickness of Si wafer required to absorb 99% of light in a single pass as 
a function of wavelength. The circles show that a 50 µm thick and a 200 µm thick 




using pure, evaporated metals such as silver and aluminum which have reflectances > 
90% at such long-wavelength. For example, the record-high 25%-efficient PERL cell 
uses an evaporated Al layer as the BSR and as the rear contact [28]. Cheaper screen-
printed pastes used in commercial silicon solar cells can have much greater parasitic 
absorption. This is discussed in detail in Chapter 9 of this thesis which compares several 
BSR materials and examines their effect on cell performance. 
 
2.2.5 Light Trapping and Escape Reflectance 
The effectiveness of a BSR depends not just on how reflective it is, but also on the 
angular distribution of the reflected light. For a device with a planar front surface, a BSR 
with specular or mirror-like reflectance will couple light out of the cell after just one 
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bounce (Figure 2.16), i.e. the optical path length enhancement due to a specular BSR is 
just ~2. The path length enhancement can be much greater if the rear reflectance (RB) is 
diffuse as it promotes light-trapping via multiple total internal reflections of light within 
a cell as shown in Figure 2.16. Yablanovitch had shown that the limit to path length 
enhancement is achieved when the angular distribution of light inside a cell is completely 
randomized [48, 49]. At the limit of 100% diffuse rear reflectance, the number of passes a 
ray of light makes through a cell is 2n2 or ~ 25 for Si instead of just 2 as in the case of a 
specular BSR. Due to the longer path length of the oblique rays, the absorption 
enhancement is even greater at 4n2 or ~50 in Si for weakly absorbed light.  Note that this 
enhancement limit takes into account the fact that even when light is reflected by a 
perfectly diffuse or Lambertian reflector, ~8% of it falls within a loss cone and is 
‘effectively specular’ as it does not meet the critical angle (θc) required for total internal 


























In this chapter the principal electronic and optical loss mechanisms in solar cells have 
been discussed. In typical Si solar cells, the most prominent electronic loss mechanisms 
are bulk SRH recombination, emitter Auger recombination and surface recombination, 
while front reflectance and rear surface absorption are the major optical loss mechanisms. 
In the following chapter, a high-efficiency Al-BSF cell is fabricated and analyzed in 





IDENTIFYING A PATHWAY TO 20% EFFICIENT                       
SCREEN-PRINTED CELLS VIA FABRICATION AND 





As discussed in Chapter 1, solar cells suffer from multiple losses which limit their 
efficiency. The first task in this thesis involved fabricating a high-efficiency screen-
printed Al-BSF cell, quantifying the various loss parameters of the cell via computer 
modeling, and then identifying one or more sets of improved cell parameters that can lead 




All cells were made on 1.3 ohm-cm FZ wafers which were textured on one side. After 
cleaning, the wafers were POCl3–diffused followed by an HF dip to remove the 
phosphosilicate glass and an oxidation at 900°C for 10 minutes followed by a 15 minute 
N2 anneal at the same temperature. An anti-reflective SiNX coating was then deposited on 
the front (textured) side using a LF-PECVD reactor followed by metallization via screen-
printing. An Al paste (Ferro FX 53-038) was printed on the rear (planar) side and dried at 
200°C followed by gridline printing of a silver paste (Heraeus 8969) on the front 
(textured) side and a second drying at 200°C after each print. The samples were then co-
fired at a peak firing temperature of ~740°C. The front grid pattern defined 9 cells on 
each wafer and each cell was electrically isolated using a dicing saw followed by a 
forming gas anneal to reduce the series resistance of the cells.  
The emitter was characterized using saturation current density (J0) measurements on 
planar and textured n+/n/n+ samples fabricated on 500-700 ohm-cm FZ wafers. The 
measurements were performed using the transient PCD method of Kane and Swanson 
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[29]. The emitter doping profile was measured at NREL with secondary ion mass 
spectroscopy (SIMS) using a Cameca IMS-5F system. Though the SIMS method 
measures the total dopant concentration, the sheet resistance calculated from the profile 
using trapezoidal integration was within 5% of four-point-probe measurements of the 
emitter which indicates complete or near-complete ionization of the dopants. The surface 
recombination velocity, Sn+, was then extracted using PC1D by importing the SIMS 
emitter profile into PC1D to create an n+/p junction. The junction was forward-biased at 
0.4 V, and the simulated minority carrier current density (Jp) at the depletion edge in the 
emitter was converted to a J0e value using: 
kT
qV
ep eJJ 0=                                                    (3.1) 
where V is the applied DC bias (0.4 V). The Sn+ input in PC1D was then iteratively 
changed till the modeled J0e at the depletion edge in the emitter matched the measured J0e. 
Note that the calculated J0e at the depletion edge in the base can also be used; the J0e at 
both depletion edges is nearly identical as recombination within the depletion region is 
small. Therefore, the choice of junction edge for matching simulated and experimental J0e 
values has a very small effect on the extracted Sn+ values. 
The bulk lifetime of completed cells was measured using the quasi-steady-state 
photoconductance (QSS-PC) method [51] after etching down the wafers to the bulk, 
followed by wafer cleaning and surface passivation with an iodine/methanol solution. 
     
3.2 Results 
 
3.2.1 Emitter Characterization 
Figure 3.1 shows the SIMS profile of the phosphorous emitter which has a surface 















































Figure 3.2 Saturation current density of the emitter in Figure 3.1 due to bulk 
emitter recombination only (perfect passivation, S = 0 cm/s), and due to bulk and 

















Figure 3.3 Measured saturation current densities, J0, of thermal SiO2-passivated, 
textured, phosphorous emitters at various steps of the cell fabrication sequence.  
 
Assuming perfect passivation (Sn+ = 0 cm/s), PC1D predicts that the bulk 
recombination within the emitter corresponds to J0 of 47.4 fA/cm2 (Figure 3.2). This sets 
a VOC limit of nearly 710 mV which shows that the emitter is suitable for a high-
efficiency cell. Due to imperfect surface passivation, the measured J0 on oxide-passivated 
planar samples was twice as high at ~95 fA/cm2. Texturing resulted in another doubling 
of the J0 to ~200 fA/cm2. The increase in J0 due to texturing is in good agreement with 
the ~1.73x increase in surface area commonly assumed for random pyramid texturing and 
is consistent with the increase seen by other authors for passivated phosphorous emitters 
[52-54]. SiN capping and metal-free firing of the textured samples results in only a small 
reduction in J0 to ~170 fA/cm2 (Figure 3.3).  
In order to see how the passivation quality of the oxide used here compares to 
previous reports, PC1D was used to extract an Sn+ value for the oxide-passivated planar 
samples. As noted in Chapter 2, the value of S that is calculated from J0 and dopant 
profile measurements depends heavily on the Auger model, BGN model, mobility model 
































Figure 3.4 Extracted Sn+ values for a thermal SiO2 passivated phosphorous emitter 
(NSurface = 7x1019-8x1019) as obtained for this work and as reported in Refs. 52, 54, 
and 55. 
 
Cuevas, Krygowzki and Kerr who either used PC1D itself or used the models 
implemented in PC1D [52, 54, 55].  
The results from this study and those of Krygowzki and Kerr are for SiO2-passivated 
planar phosphorous emitters while that of Cuevas is for a forming gas annealed, SiO2-
passivated planar emitter. It should be noted that though Kerr used PC1D for their 
extraction of Sn+ values, he modified PC1D’s BGN model resulting in their extracted Sn+ 
values being somewhat higher than the value that would have been obtained using 
PC1D’s default BGN model. While the passivation quality for the ~14 nm thick oxide 
used here is similar to that of Krygowzski, it is higher than the result of Kerr by at least a 
factor of 2. That said, the passivation quality is still sufficient for a high-efficiency (20%) 
cell. The roughly 4x increase in J0 (Figure 3.3) due to imperfect surface passivation and 
texturing lowers the VOC ceiling from 710 mV to a still high value of 677 mV. 
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3.2.2 Fabrication and Analysis of Aluminum BSF Cell  
Figure 3.5 shows the independently validated I-V characteristics of an 18.9% Al-BSF 
cell fabricated with the process sequence described in Section 3.1 The cell VOC of 640 


















VOC :   640 mV 
JSC :   37.7 mA/cm2
FF :   78.3 % 






























J01 = 0.6 pA/cm2
J02 = 28.5 nA/cm2
n2  = 2.5 
Figure 3.6 Two-diode fit to measured dark I-V curve for an Al-BSF cell.  
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In order to separate the various efficiency limiting mechanisms in the cell, the device 
was first thoroughly characterized via wafer thickness, wafer resistivity, light/dark I-V 
and bulk lifetime measurements. A ‘best-fit’ made to the dark I-V curve was used to 


















            (3.2) 
The series (RS) and shunt (Rshunt) resistance values used for this fit were determined from 
light I-V measurements.  
Apart from J01, all of these experimentally determined cell characteristics and the 
SIMS emitter profile were fed into PC1D. The front surface reflectance was also 
experimentally determined and supplied as an input to PC1D. The FSRV, BSRV and RB 
were then iteratively adjusted till a good match was obtained to the lighted I-V data and 
the measured internal quantum efficiency (IQE) and reflectance curves (Figure 3.7). The 
PC1D parameters for this fit are shown in Table 3-1. Figure 3.7 shows that the simulated 
performance of the modeled cell closely matches the experimental data. The fit reveals 
that the 18.9% Al-BSF cell has a front-surface recombination velocity (FSRV or Sn+) of 
21,000 cm/s, a high back-surface recombination velocity (BSRV) of 600 cm/s and a low 































VOC   640              637 
 
JSC   37.7             37.6 
 
FF             0.783          0.790 
 














Figure 3.7 PC1D fit to the I-V, IQE and reflectance characteristics of the 18.9% 
efficient Al-BSF cell. 
 
 
Table 3.1 PC1D cell parameters used for the ‘best fit’ to the 18.9% Al-BSF solar cell. 
Cell Parameters Textured FZ Cell 
Wafer Thickness (µm) 300 
Base Resistivity (Ω-cm) 1.3 
RS (Ω-cm2) 0.77 
RSH (Ω-cm2) 86000 
2nd Diode Ideality Factor (n2) 2.5 
Jo2(nA/cm2) 28.5 
Emitter Sheet Resistance (Ω/sq) 70 
Emitter Surface Conc. (cm-3) 8x1019 (from SIMS data) 
Bulk Lifetime (µs) 450 (measured) 
Front grid shading (%) Measured Reflectance 
BSRV (cm/s) 600 
FSRV (cm/s) 21,000 
RB (%) 70 
Texture angle (degrees) 54.7 




Reduce FSRV by 50 % 
(+ 0.2 %) Increase RB to 95 % 
(+ 0.4 %) 
Reduce BSRV by 50 % 
(+ 0.4 %) 
Figure 3.8 PC1D modeling showing the efficiency impact of improving the front and 
rear sides of an 18.9% Al-BSF cell. 
 
 
3.2.3 Target Cell Parameters for a 20% Efficient Screen-Printed Solar Cell 
Various parameters of the PC1D fit to the 18.9% Al-BSF cell were then adjusted in 
order to find a parameter set that would result in 20% efficient cells. The first round of 
such modeling (Figure 3.8) predicted that increasing RB to 95% (diffuse) and reducing 
the BSRV and FSRV by 50% each, would increase the cell efficiency by 1% (abs.).  
The results of Kerr (Figure 3.4) discussed in Section 3.3.2 indicate that a 50% 
improvement in FSRV is technologically feasible. However, the pie-chart in Figure 3.8 
clearly shows that rear side improvements are the ‘lower hanging fruit’, i.e. 
improvements to the rear side will have a larger impact on cell efficiency. In the interest 
of simplifying the path to a 20% efficient cell, improvements to the front side were not 
pursued. This thesis will instead focus on rear side improvements only. With this choice 
made, a second round of PC1D simulations were run to establish the backside 
improvements which can result in 20% cells. It was found that 20% efficient cells can be 
achieved with the baseline emitter if BSRV and RB can be improved to 200 cm/s and 
95% (diffuse) respectively, with each contributing ~ 0.5% enhancement in efficiency.  








































Figure 3.9 PC1D modeling of the relationship between cell efficiency and substrate 
thickness for an 18.9% Al-BSF cell and an analogous cell with improved BSRV (200 
cm/s) and RB (95%). 
 
reductions in the wafer thickness (Figure 3.9). This is an important benefit of the 
proposed rear-side improvements because, as discussed in Chapter 1, the wafer alone 
accounts for ~60% of the cost of a PV module (Figure 1.10). Therefore, the ability to 
reduce cell thickness by 50% with no appreciable loss in cell performance could lead to 
significant cost reductions. PC1D simulations show the basic Al-BSF cell would lose 
1.2% (abs.) efficiency when the substrate thickness is reduced from 300 µm to 50 µm 
while the improved 20% cell design loses just 0.6% (abs.). 
 
3.2.4 Moving Away From the Al-BSF Structure 
Conceptually, the simplest method of achieving the target BSRV and BSR values 
would be to optimize the paste composition and firing as this would require the least 
change to the process sequence. As seen in Figure 3.10, the Al solubility/doping density 
in Si increases with temperature up to ~1200°C [10]. Since the BSRV of 600 cm/s 
reported in the previous section was obtained with a relatively low firing temperature  
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Figure 3.10 Solid solubility of Al in Si [10, 57]. 
 
reported in the previous section was obtained with a relatively low firing temperature of 
740°C, further improvement in the BSRV can be obtained simply by increasing the firing 
temperature and using a silver paste on the front side that does not shunt the emitter at 
such high firing temperatures. 
This strategy was previously employed successfully by Hilali, resulting in a 19% 
efficient 0.6 Ω-cm FZ Si cell fired at ~810°C [56]. This device was the highest efficiency 
screen-printed cell at the start of this thesis study and featured a BSRV of 600 cm/s (on 
0.6 Ω-cm FZ Si) which corresponds to a BSRV of ~260 cm/s on the 1.3 Ω-cm material 
used in this work. Doping the Al paste with boron is another strategy to lower the BSRV 
because boron’s higher solid solubility limit in Si results in heavier doping compared to a 
boron-free Al paste [58, 59]. Very recently, passivation quality similar to Hilali (~300 
cm/s on 1.3 Ω-cm) has been obtained with such a paste using peak firing temperatures of 
~860°C [59]. While such strategies get the simple Al-BSF structure closer to the target 
BSRV of 200 cm/s, the RB values (as extracted via PC1D fitting) reported for several of 
the best SP Al-BSF cells have been in the 60%-70% range [56, 60-62]. This falls far short 
of the target RB of 95%. In addition, the Al-Si alloying process leads to bowing of thin 

















p-Si base p-Si base 
(d) (c) 
 
Figure 3.11 Schematics of advanced rear passivation concepts: (a) full-area B-BSF 
(PERT(s)), (b),Selective B-BSF (PERT), (c) Dielectric-only passivation (PERC) and 
(d) dielectric passivation with local B-BSF (PERL). 
 
worth noting that according to the solid solubility diagram (Figure 3.10), higher Al 
doping and lower BSRVs (than those mentioned above) can be obtained by using even 
higher firing temperatures. In practice however, temperatures beyond ~900°C leads to 
agglomeration of liquid Al during the Al-Si alloying process, resulting in inhomogeneous 
BSF formation and higher BSRVs than those presented earlier [19, 63]. 
A number of alternative rear passivation concepts are capable of matching or 
exceeding the target BSRV and RB numbers. Figure 3.11 illustrates these concepts – (a) a 
full-area B-BSF, (b) a selective B-BSF with heavier doping under the metal point 
contacts, (c) dielectric-only passivation and (d) dielectric passivation with local B-BSFs 
only under the metal point contacts. Efficiencies in excess of 20% have been achieved 
with each of these concepts at UNSW using complex, photolithography-based processing 
methods. These devices are commonly referred to by the acronyms PERT(s), PERT, 
PERC and PERL as noted in Figure 3.11 [28, 64-66]. Of the structures that feature a BSF, 
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Table 3.2 Cell efficiencies achieved with the PERL, PERT, PERT(s) and PERC 
structures at UNSW [28, 64-66]. Entries marked with a * were independently 
confirmed. The entry marked with a † was recently re-measured with the revised 
AM 1.5G spectrum (IEC 60904-3: Ed. 2) resulting in a higher confirmed efficiency. 
Cell Type Material Efficiency 
PERL FZ (B) 24.7%* (25†) 
PERT MCZ (B) 24.5%*
PERT(s) CZ (Ga) 20.9%*
PERC FZ (B) 23.1% 
 
 
the full-BSF concept is the simplest to achieve as additional process steps are typically 
required to obtain a spatially inhomogeneous BSF. 
However, as Table 3.2 shows, significantly higher efficiencies have been achieved for 
the more complex PERL and PERT structures. From Ref. 65, it is not clear why the 
performance of the simpler PERT(s) structure lags behind its more complex brethren. 
However, the authors do note that on test samples, lifetimes over 1 ms were measured for 
the materials used to fabricate both the PERT(s) and PERT cells. In this work, an attempt 
is made to achieve an efficiency of 20% with the simplest full-area, passivated B-
BSF/PERT(s) structure using only industrially compatible processing methods including 
screen-printing and relatively short thermal cycles. For simplicity, this structure will 




In this chapter, an 18.9% efficient, 4cm2 screen-printed Al-BSF cell was successfully 
fabricated and modeled in PC1D. Using this ‘baseline’ model, simulations were 
performed in order to identify a combination of BSRV and RB improvements that can 
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produce a cell efficiency of 20%. These simulations revealed that if no changes are made 
to the baseline emitter, a BSRV of 200 cm/s and a RB of 95% (100% diffuse) are needed 
to achieve the efficiency target. Since the full-area, passivated B-BSF structure was 
chosen as the candidate structure for realizing this modeled 20% cell, the following 









In a typical process flow for fabricating an Al-BSF cell, three steps – rear surface 
passivation, rear contact formation and front contact formation – are combined into just 
one, short co-firing step. Due to the simplicity and high-throughput nature of this process, 
the Al-BSF structure has become the workhorse of the commercial solar cell industry. 
However, the relatively high BSRV and low RB provided by an Al-BSF, coupled with 
stress-induced bowing on thin wafers, makes the structure unsuitable for next-generation, 
thin, high-efficiency solar cells [12, 56, 59-62]. 
From the technical standpoint, a B-BSF is a strong alternative to an Al-BSF because: 





Screen-Printing of front (Ag) and Back (Al) 
PSG removal (in HF) 












Figure 4.1 Process flow for a standard, screen-printed Al-BSF solar cell. 
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magnitude boron solid solubility in Si [10, 58, 59, 67, 68], and 2) a B-BSF can be easily 
capped with a passivating dielectric thus providing both improved field effect passivation 
and improved interface passivation compared to an Al-BSF. In fact, due to the higher 
solid solubility of boron in Si, a B-BSF can provide passivation superior to that provided 
by an Al-BSF even without dielectric passivation of the doped surface. This will be 
discussed further in Chapter 6. As a B-BSF is largely optically transparent, it can also be 
capped with a BSR material that is more reflective than fired, screen-printed Al paste.  
The advantages of a B-BSF are exemplified by the fact that the cells with the highest, 
terrestrial conversion efficiencies – the PERL and PERT structures (see Figure 3.11 and 
Table 3.2) – both utilize B-BSFs. However, the fabrication sequence for both cells 
involve multiple, high temperature steps and photolithography which have prevented 
their commercial adoption. Outside of such complex processing schemes, B-BSF 
structures are currently not widely used in lab-scale fabrication and extremely rare in 
commercial manufacturing. Table 4.1 shows a list of the best B-BSF cells fabricated 
using various boron sources, substrate types and processing schemes [28, 64, 65, 69-74]. 
The entry from Solarworld Industries has been the only industrial attempt at manufacturing 
B-BSF solar cells, though production of this structure has since ceased [12]. 
It is apparent from Table 4.1 that the only B-BSF cells that exceed the efficiency of 
the best large-area, commercial SP Al-BSF cells [11] are those fabricated with processing 
methods – photolithography, prolonged high-temperature steps and evaporated metal 
contacts [64, 70, 71] – that are considerably more complex than commercial fabrication 
processes which typically feature lower thermal budgets (i.e. shorter processing time 
and/or lower temperature) and low-cost screen-printed contacts. All the other entries in 
Table 4.1 fall well below the ~19% peak efficiency obtained on basic, commercial Al-
BSF cells [11]. The reason that the technical strengths of B-BSF passivation have not yet 
translated to commercially manufacturable, high-efficiency B-BSF cells is that most 
boron diffusion processes bring with them several challenges.  
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Table 4.1. List of the best boron back surface field solar cells fabricated using 
various processing techniques. All entries marked with a * were independently 
measured. The entry marked with a † was recently re-measured with the 2009 
revision of the AM 1.5G spectrum (IEC 60904-3: Ed. 2). 











24.7 % * 
(25 % †) 
PERL: Local B-BSF (2hr. drive-in 
at 1070 °C); Selective emitter; 
‘Alnealed’ SiO2 passivated 




cm2 21.6 % 
PERL: 15 ohm/sq local B-BSF 
(1hr. drive-in at 1050 °C); 150nm 





CZ (B) N/A 156 cm2
18.8 % 
(18.4 % *)
2µm deep 7.5 ohm/sq B-BSF; 
Selective Emitter; Oxide passivated 





FZ Spin-on N/A 14.6 % 
RTP diffused B-BSF and emitter; 
RTO passivated front/rear; 
SiN/MgF2 DL ARC; Evaporated 
contacts 
TiM/Ferro 




cm2 13.7 % 
Co-Diffused with boron and 
phosphorous pastes – 4mins at 
950 °C; TiOx ARC; Bifacial SP 
contacts 






cm2 16.1 % 
60 ohm/sq B-BSF, POCl3 Emitter; 
SiO2/SiNx on BSF; SiNx on Emitter; 
Bifacial SP + plated contacts 
       
      Legend:           PL processed cells           PL-free cells 
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First, boron diffusions often result in contamination of the Si substrate. Obtaining 
stable, high-quality passivation of a heavily boron doped silicon surface is a second 
challenge. The impact of poor surface passivation can be partially countered by relying 
on a deep, heavily doped, ‘opaque’ B-BSF which provides strong field effect passivation. 
But due to the relatively slow diffusivity of boron in Si, obtaining such a BSF requires 
the kind of long diffusion/drive-in step that industry prefers to avoid [71, 74]. In addition, 
prolonged high-temperature steps may increase the risk of wafer contamination. The 
literature data on these issues are reviewed in the following sections. 
 
4.1 Common Features of Boron Diffusion in Silicon 
 
Several sources of boron have been used by the PV community for high temperature 
thermal diffusion of boron into Si – liquid sources like boron tribromide (BBr3) and 
boron trichloride (BCl3), ‘solid sources’ such as boron nitride (BN) and doped 
atmospheric pressure chemical vapor deposited silicon dioxide (APCVD SiO2), spin-on 
or spray-on dopants (SODs) and screen-printed paste sources [52, 64-85]. However, all of 
these methods share some common features which are discussed in this section. 
 
4.1.1. Diffusion of Boron into Silicon 
In general, diffusion of boron into silicon involves the deposition of boric oxide 
(B2O3) on the surface of a Si wafer. At high temperatures, B2O3 reacts with Si to form 
SiO2 and B, the latter of which diffuses into silicon at high temperatures [68]: 
2 B2O3 + 3 Si  3 SiO2 + 4 B                                       (4.1) 
Typically, boron diffusion processes occur at temperatures ranging from 850-1150°C 
regardless of the boron source used [71-78]. Temperatures at the low end of that range 
(~850-950°C) are typically used only during the ‘deposition’ step of a diffusion process 
where a layer of B2O3 is deposited on the wafer surface. Due to the relatively slow 
diffusivity of boron in silicon, the ‘drive-in’ of boron to practical junction depths is 
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usually done at temperatures ≥ 950°C [70-73, 76]. The highest efficiency B-BSF cells in  
Table 4.1 used temperatures ≥ 1050 °C to form deep, heavily doped BSFs. Over this 
temperature range, the boron solid solubility in Si is ≥ 1x1020 cm-3 [67]. In contrast, at 
common firing temperatures of 700-900°C, the Al solid solubility limit is just ~1-3x1018 
cm-3 with a peak doping limit of ~7x1018 at 1200°C (see Figure 2.10) [10]. 
At the high process temperatures, SiO2 and B2O3 mix together forming a layer of 
borosilicate glass (BSG) on the silicon surface. In the cases where the source/diffusion 
process can saturate the wafer surface with boron atoms over the length of the diffusion 
process, an additional, dense layer of Si-B alloys can form at the interface between the 
BSG and the boron-doped silicon [81]. The composition of this ‘boron rich layer’ (BRL) 
has been studied by various authors and has been reported to be of the form SiBx (4 ≤ x ≤ 
6), and it can act as a source of boron in subsequent high temperature steps unless it is 
removed [75, 81, 82]. In addition to the SiBx alloy, some oxidized silicon and boron may 
also be present in the BRL. It has been suggested by Arai et al., that the BRL forms only 
when the rate of supply of boron to the silicon surface exceeds the diffusion rate of boron 
into silicon [81]. This conclusion is supported by the work of Negrini et al. who found 
that an increase in the BBr3 partial pressure during diffusion (which would increase the 
supply of boron to the Si surface) resulted in an increase in BRL thickness [83]. The 
thickness has also been found to be inversely related to the amount of oxygen in the 
ambient [75, 81-83]. Diffusion processes using ‘infinite sources’ such as BBr3 can easily 
keep the Si surface saturated with boron atoms as the liquid dopant can be continuously 
introduced into the ambient over the entire diffusion process. However, the saturation 
condition can also be met by limited dopant sources (SODs, solid sources and pastes) if 
the diffusion/drive-in process is short enough to allow the limited sources to keep the 
wafer surface saturated with boron. Regardless of what source and process conditions are 
used, the presence of a BRL after diffusion can be easily verified with a post-diffusion 
























Figure 4.2 Bulk minority carrier lifetimes on p-type and n-type FZ Si wafers after 
boron diffusions using various sources as reported in Refs. 52, 71-73, 76, 78, 84-87.  
 
the BRL under it. If no BRL exists, the wafer surface should become hydrophobic after 
the HF dip; if a BRL does exist, the surface remains hydrophilic. The BRL is usually 
removed by oxidizing it – this converts the BRL to a BSG layer – followed by an HF dip 
[75, 83, 84]. 
 
4.1.2 Lifetime Degradation of Si Substrates Due to Boron Diffusion 
Degradation of the minority carrier lifetime in Si wafers is a second common feature 
of processes that involve boron diffusion (Figure 4.2). For every boron source commonly 
used for solar cell fabrication, low carrier lifetimes have been reported either immediately 
after the boron diffusion and/or after high-temperature processing steps that follow the 
boron diffusion [52, 71-73, 76, 78, 84-87]. This is especially true of the cheaper boron 
sources such as SODs and paste sources which are of industrial interest due to their lower 
cost (Figure 4.2) [52, 72, 73, 78].  
Unfortunately, while lifetime losses are widely reported, the cause of the losses is 
often not investigated. Contamination of the wafer and generation of dislocations in the 
wafer are two mechanisms that have been identified as potential causes [85, 86]. 
Contamination is perhaps the most common assumption, with iron (Fe) being the most 
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widely suspected contaminant species [52, 72, 78, 84, 85, 87]. Generation of dislocations 
after boron diffusions has also been experimentally observed [86, 88-90]. These 
dislocations are generated due to relaxation of the mismatch stress caused by the large 
difference in the size of the boron and silicon atoms [90]. Though dislocations are 
initiated only at the surface of the boron diffused layer, it has been shown that subsequent 
high temperature processing can cause a network of dislocations to propagate deep into 
the bulk of the Si substrate resulting in a severe drop in the bulk lifetime [86]. It is worth 
noting however that dislocation generation has been reported to occur only under certain 
diffusion conditions. Higher diffusion temperatures and prolonged process times are 
more likely to generate dislocations as they result in higher dopant concentrations and 
therefore greater stress in the diffused Si layer. For example, Cousins and Cotter reported 
dislocations extending up to 200 µm into the wafer bulk for a 5hr+ diffusion process that 
resulted in a sheet resistance of 10 Ω/sq [86]. But for a shortened process at the same 
process temperatures (which resulted in a sheet resistance of 80 Ω/sq), little to no 
dislocations were observed. Using BBr3 and BN solid sources, Gaisenau et al. identified 
process time/temperature combinations that can lead to the generation of diffusion-
induced misfit dislocations [91]. Their results are reproduced in Figure 4.3. A recent 
work by Kessler et al. (using BBr3) also reported an inverse relationship between the 
BRL thickness and bulk lifetimes – a thicker BRL was found to correlate with lower bulk 
lifetimes [92]. They proposed that stress at the BRL and Si interface results in 
dislocations which glide into the bulk. 
Since a low minority carrier bulk lifetime results in incomplete collection of 
photogenerated carriers and thus lowers cell efficiency, finding methods to either avoid 
or reverse boron-diffusion-induced lifetime degradation is a major focus of this work and 





Figure 4.3 Critical boron diffusion time-temperature conditions that result in the 
generation of misfit dislocations (taken from Ref. 91).  
 
4.2 Survey of Boron Sources Commonly Used in Solar Cell Fabrication 
 
While the characteristics discussed in the previous section are common to most 
sources of boron, the following sub-sections will review characteristics that are specific 
to the boron sources that are most commonly used by the PV community. 
 
4.2.1 Boron Tribromide and Boron Trichloride 
Boron tribromide (BBr3) and Boron Trichloride (BCl3) diffusions are performed by 
introducing vapors of the dopant into the diffusion furnace by bubbling N2 or Ar through 
a pressurized, temperature controlled bubbler containing liquid BBr3/BCl3. During the 
deposition step of the diffusion process, oxygen is also introduced into the furnace and 
BBr3/BCl3 and O2 react according to the equations [93]: 
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4 BBr3 + 3 O2  2 B2O3 + 6 BR2                                    (4.2)
4 BCl3 + 3 O2  2 B2O3 + 6 Cl2                                     (4.3) 
B2O3 then reacts with Si (according to Equation 4.1) releasing boron atoms which can 
diffuse into silicon. One advantage of these dopants is the generation of Br2 and Cl2 
which can getter metal from the ambient and quartzware by forming the corresponding 
metal halides. This ‘self-cleaning’ ability of a BBr3 process may be why it has been the 
most successfully used boron dopant source for fabricating PV devices (see Table 4.1 and 
Figure 4.2). Several groups have reported high lifetimes (500 µs-2 ms) after BBr3 
diffusion [70, 78, 94] and it has been used to fabricate several high efficiency cells, 
including the 25% efficient PERL cell which is the highest efficiency for single junction 
silicon solar cells to date [28, 64, 70]. However, severe degradation in lifetime (to values 
as low as 1-5 µs) on high quality float zone (FZ) silicon substrates have also been 
reported [52, 71, 84]. As mentioned previously, the cause of such large differences in 
lifetime is not clear since literature reports which mention lifetime degradation typically 
do not attempt to link the degradation to particular degradation mechanisms. Differences 
in processing equipment (which can be a source of contaminants) and process conditions 
(which can affect impurity diffusion, BRL formation and dislocation generation) are 
potential causes of the large spread in the lifetime data in the literature for BBr3 
diffusions (Figure 4.1) [87, 91]. 
The negatives associated with BBr3 and BCl3 derive largely from their toxic and 
pyrophoric nature [95-97]. While the evolution of Br2 and Cl2 during the process helps 
with gettering, they are both toxic and specialized scrubbing/venting systems are required 
to vent them safely. Additionally, BBr3 and BCl3 are themselves toxic and require careful 
handling and storage – BBr3 reacts violently with water and reacts with moisture in the 
air or body to form hydrobromic acid. Similarly, BCl3 boils at room temperature under 
normal atmospheric conditions and can react with moisture to form hydrochloric acid. 
The specialized systems required to handle and store these dopants can add to their cost.  
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In the context of industrial fabrication of B-BSF cells, one practical hurdle for gas 
phase dopants is that an additional masking/etch-back step is needed to prevent/remove 
diffusion on the emitter side of the device. In addition, depletion of the gas source from 
the front to the back side of a horizontal furnace can result in variation in sheet resistance 
depending on a wafer’s position in the carrier boat.  
 
4.2.2 APCVD Boron-Doped SiO2 Solid Sources 
SiO2 based solid sources are usually Si or ceramic wafers on which a doped SiO2 
layer is deposited. Boron doped SiO2 sources can be formed on sacrificial wafers by 
introducing a mix of diborane (B2H6), silane (SiH4) and O2 into an atmospheric pressure 
chemical vapor deposition (APCVD) system. Diborane and silane react with O2 
following the equations [93]:   
B2H6 + 3 O2  B2O3 + 3 H2O                                          (4.4) 
SiH4 + O2  SiO2 + 2 H2                                              (4.5) 
The B2O3 concentration in the SiO2 film can be controlled by varying the B2H6:SiH4 ratio. 
During high-temperature diffusion, doping from the SiO2 film follows Equation 4.1. 
APCVD sources are thought to be used by Sunpower Corp. for fabricating interdigitated 
back contact (IBC) cells and passivation studies have also utilized them as sources [33, 
170].   
A practical downside to using such sources is that deposition of the doped SiO2 film 
is an additional high temperature step requiring a dedicated furnace. Furthermore, both 
B2H6 and SiH4 which are used in the deposition of the source are toxic and can react 
explosively with air [98, 99]. An advantage that solid sources have over gaseous dopants 
like BBr3 is that each wafer has its own source so there is relatively little variation in 




4.2.3 Boron Nitride 
Boron nitride (BN) disks are a second type of solid sources. Boron diffusion from BN  
disks requires pre-activating them in an oxidizing ambient to form a surface layer of B2O3 
[75, 100]: 
4 BN + 3 O2  2 B2O3 + 2 N2                                       (4.6)
Once activated, the BN source wafers are typically interleaved with Si target wafers in a 
diffusion furnace and the doping reaction follows Equation 4.1. Two disadvantages with 
BN sources are that they require an additional activation step before diffusion and that 
they have also been linked to large drops in carrier lifetime post-diffusion [76, 84]. Using 
identical processing conditions and 70-80 Ω-cm n-type FZ Si wafers, Miyoshi et al. 
reported lifetimes > 300 µs for the BBr3 source while the lifetime was just 15 µs for a BN 
source [84]. While the cause of such drops in bulk lifetime has not been conclusively 
identified, the low purity of BN sources has been mentioned as a possible cause [76, 84]. 
An additional concern with BN sources is the gradual loss of boron over multiple runs. 
This means that the sheet resistance on target wafers must be carefully monitored to 
determine when the sources need to be replaced. Repeatability from run to run can also 
be a concern if the wafers are not cleaned, stored and activated properly [100]. However, 
as with doped SiO2 sources, variation in sheet resistance across the diffusion boat is 
reduced compared to gaseous dopants [100].  
 
4.2.4 SOD and Paste Sources for Boron Diffusion 
In recent years, spin-on or spray-on dopant (SOD) sources and screen- or ink-jet 
printable pastes have been investigated for use in solar cell fabrication by both academic 
research groups and in industry [52, 72, 73, 101]. The advantages of these sources are 
that they can be relatively low-cost and can be made of materials that are neither toxic 
nor pyrophoric. This allows them to be used in high-throughput, in-line diffusion systems, 
instead of being limited to batch processing in furnaces with specialized gas delivery and 
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exhaust systems. During diffusion, the dopants can be deposited directly on the Si device 
wafers or the device wafers can be interleaved with separate source wafers [52, 72, 101]. 
With both schemes, variation of sheet resistance across the boat is not a major concern.  
Simultaneous diffusion of boron and phosphorous has also been demonstrated with such 
sources which means emitter and BSF formation can be combined into a single high-
temperature step [52, 73]. However, cross-diffusion around wafer edges is a possible 
complication that must be carefully checked for. 
The major downside to SODs and paste sources is that they have consistently been 
associated with the lowest post-diffusion lifetimes and cell efficiencies as noted in Table 
4.1 and Figure 4.2. As with other boron sources, the causes of such lifetime drops have 
not been investigated and transfer of contaminants from the SOD/paste sources is a 
common assumption [52, 73, 78]. This matter is investigated later in this thesis (Chapter 
8). 
 
4.3 Passivation of Boron Diffused Silicon Surfaces 
 
While the higher solid solubility of boron in Si results means that a B-BSF can 
provide stronger field effect passivation compared to a SP Al-BSF, reducing 
recombination at the heavily boron doped Si surface requires passivating it with an 
appropriate dielectric. This section reviews literature results on materials that have been 
used to passivate boron diffused silicon surfaces.   
 
4.3.1 Passivation of Boron Emitters by Thermally Grown SiO2
Thermal oxidation is the most commonly studied method for passivating boron 
diffused silicon surfaces. Figure 4.4 summarizes published surface recombination 
velocities at the SiO2/p+-Si interface (SP+) for various boron doping densities as reported 
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Figure 4.4 Surface recombination velocity (Sp+) [33, 52, 94, 102] at boron diffused 
silicon surfaces passivated with thermal SiO2 as a function of surface dopant 
concentration. Where reported, ex-situ oxidation and in-situ oxidation data from the 
same authors are noted with closed and open points respectively. 
 
Note that Sp+ is not the measured quantity; instead the J0 values and dopant profiles for 
various oxide-passivated boron emitters were measured and Sp+ was calculated from 
those measurements. Since the Auger model, BGN model and ni value that is used for 
these calculations affect the extracted value of Sp+, it is important to note that only the 
data of Benick et al. and Krygowski were extracted using PC1D. King and Swanson used 
a higher value of ni (1.45x1010 cm-3 @ 300 K) than PC1D’s (1x1010 cm-3 @ 300 K) and a 
somewhat different BGN model. Figure 4.5 plots the BGN-corrected intrinsic carrier 







= 22                                                   (4.7) 
The BGN model and ni value used by King (Figure 4.5) results in a higher nie (by up to 
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Figure 4.5 BGN corrected intrinsic carrier densities (nie) as a function of dopant 
concentration calculated using different values of ni and the BGN models of PC1D 
and King and Swanson [16, 33]. 
 
had been used as observed in Figure 4.4. While Cuevas et al. used King and Swanson’s 
BGN model, they used the same value of ni (=1x1010 cm-3 @ 300K) as PC1D. This has a 
smaller impact on nie compared to PC1D which is perhaps why the values of Cuevas et al. 
in Figure 4.4 agree well with the values extracted using PC1D [94, 102]. 
There is noticeable scatter in the data points reported by the various groups, which 
may be due differences in the processing conditions used – forming gas anneal, oxidation 
temperature, oxide thickness, the presence or lack of TCA in the oxidizing ambient and 
ex-situ vs. in-situ oxidation (the two cases are separately marked with filled and open 
points in Figure 4.4 where possible). However, the scatter is similar to that seen on oxide 
passivated phosphorous emitters [34] and may lie within the bounds of experimental error 
(note the error bars on the data points of King and Swanson).  
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4.3.1.1 Development of a Parameterization for the Surface Recombination Velocity of 
Thermal Oxide-Passivated Boron Diffused Surfaces 
Globally (Figure 4.4), Sp+ appears to increase with surface concentration. This 
matches the trend seen on oxide-passivated phosphorous diffused Si surfaces and is also 
consistant with Snel’s data which shows that the surface density of states increases with 
increasing dopant concentration for both boron and phosphorous doped Si surfaces [34, 
103]. However, the increase in Sp+ appears to be considerably slower for lower surface 
concentrations. Using only those Sp+ values which were extracted using PC1D or an 
equivalent method, this behavior was approximated in this work by a fit which takes the 











+                                      (4.7) 
where S01 = 4500 cm/s and S02 = 20 cm/s are the coefficients for the slow and fast rising 
regimes respectively and α1 = 0.15 and α2 = 4.5 are the respective slopes. N0 = 1.3x1019 
cm-3 determines the ‘knee’ in the curve where the two regimes cross-over. The scatter in 
the relatively small number of data points and the lack of error bars on most data points 
creates some ambiguity as to the ‘best’ values to use for the variables in Equation 4.7. It 
is interesting to note however, that in for surface concentrations ≤ 5x1019 cm-3, Sp+ is 
almost constant. This matches the conclusion drawn by King and Swanson that the 
recombination velocity of oxide passivated boron diffused surfaces is constant [33]. 
Based on the larger data set shown in Figure 4.3, it seems that their conclusion may have 
been largely due to the surface doping range explored in that work. For comparison, the 
fit of Cuevas et al. to their own data points is also shown in the figure (dashed line).  
Equation 4.3 also matches the form of the fit used by Altermatt et al. [34] to describe 
the Sn+ vs. dopant concentration trend for oxide-passivated phosphorous emitters (Figure 
4.6). Caution should be used when comparing values from the two curves in Figure 4.6 as 
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Figure 4.6 Comparison of surface recombination velocity vs. surface dopant 
concentration for boron (Figure 4.3) and phosphorous (Refs. 34 and 104). 
 Boron: Fit for Sp
+ vs. NSURFACE (Boltzmann) 
 
Phosphorous: Fit for Sn+ vs. NSURFACE (Fermi-Dirac) [34] 
 
Boron: Sp+ vs. NSURFACE (Fermi-Dirac) [104]
 
BGN data for extracting S instead of Boltzmann statistics and apparent BGN data (as in 
PC1D) [34]. The differences between the two methods are however small enough [34] for 
the trends to be compared: 
1. Both types of diffused emitters show two regimes (a slow rising and a fast rising 
regime) and the value for N0 (which affects where the two regimes cross-over) is 
~1x1019 cm-3 for both phosphorous and boron emitters.  
2. As described in Ref. 34, the largest impact of using the F-D statistics method 
instead of Boltzmann statistics (and apparent BGN) is that the latter method 
results in lower S-values at high dopant densities (approx. ≥ 1x1019 cm-3), i.e. the 
blue curve in Figure 4.5 would shift downwards if it were based on Boltzmann 
statistics. Based on this, it seems reasonable to conclude that thermal oxides 
passivate a boron diffused Si surface more poorly than a phosphorous diffused 
one. In a separate work, Altermatt et al. drew the same conclusion from their 
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measurements on a relatively small range of surface dopant densities [104]. Their 
extracted Sp+ data points, again using F-D statistics, are also shown in Figure 4.4 
for comparison.    
The poorer passivation quality on boron doped surfaces may be due to a combination 
of a larger capture-cross-section for minority electrons at the Si/SiO2 interface [105] and 
the small positive charge in thermal oxides which can cause depletion at the diffused 
surface [27]. Unfortunately, this problem is compounded by two additional concerns: 
1. The impact of texturing. 
2. The stability of the passivation over time 
 
4.3.1.2 Thermal SiO2 Passivation of Textured Boron Doped Si Surfaces 
The surface of both lab-scale and industrial Si cells are usually textured to enhance 
the absorption of light. Unfortunately, texturing has been reported to degrade surface 
passivation quality, especially for boron diffused surfaces. On planar p+ layers diffused 
using a BBr3 source (surface concentration of ~5e18cm-3) Benick et al. reported an Sp+ of 
5700cm/s using ex-situ SiO2 passivation [102]. Using the same diffusion and passivation 
processes on an inverted pyramid textured surface, their SP+ value increased by a factor of 
11 to 63,000 cm/s.  Though no Sp+ values were reported, a similar increase in J0 was 
observed by Krygowski (Figure 4.5) using spin-on boron sources [52]. For sheet 
resistances in the range of 50-200 Ω/ , random pyramid texturing was found to result in a 
10-12x increase in J0 when the boron emitter was passivated with an ex-situ SiO2 layer 
(Figure 4.7). For the same sheet resistance range, using an in-situ oxide resulted in a 
smaller 5-6 times increase in J0. Using a doped APCVD SiO2 source, King et al. reported 
a similar factor of 5 increase in J0 due to texturing for an oxide passivated ~150 Ω/sq. 





















Planar: In-situ Oxide passivation
Textured: In-situ Oxide Passivation
Planar: Ex-situ Oxide Passivation
 Textured: Ex-situ Oxide Passivation
Figure 4.7 J0 as a function of boron sheet resistance as reported by Krygowski on 




These results clearly indicate that texturing degrades the ability of thermal SiO2 to 
passivate boron doped Si surfaces and that this degradation is independent of the dopant 
source used. Some increase in surface recombination after texturing a <100> planar 
surface is unavoidable due to the increase in surface area due to texturing (commonly 
assumed to be ~1.7x for random pyramid texturing) [34, 53] and due to the higher 
dangling bond density of the <111> textured surface. But it is worth noting that for a 
similar range of surface concentrations and sheet resistances, texturing increases the J0 of 
oxide passivated phosphorous diffused surfaces by only a factor of 3 or less [53, 106].  
In the context of B-BSF cells, the large negative impact of texturing suggests that the 
structure should be planar on the rear (B-BSF) side and textured only on the sunward- 
facing emitter side. However, single-side textured wafers are not favored in commercial 
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manufacturing because it requires at least one an additional step to either mask the rear 
side (before texturing) or etch back the rear side (after texturing). The trade-off between 
increased process complexity/cost (arising from using single-side textured wafers) and 
reduced B-BSF cell efficiency (arising from the texturing-induced passivation 
degradation) is explored in Chapters 6 and 7.    
 
4.3.1.3 Temporal Stability of Thermal SiO2 Passivation on Boron doped Si Surfaces 
Commercial Si modules today have warranty periods of 20 years or greater. 
Therefore, stability of passivation over time is important. After a forming gas anneal, 
Altermatt et al. achieved some of the lowest J0 values reported for thermal SiO2 
passivated boron emitters (Figure 4.6). Unfortunately, their excellent passivation 
degraded over a period two years of dark storage (Figure 4.8) [104]. Over the same 
period, the relationship between surface dopant concentration/sheet resistance and surface 
passivation quality also disappeared. When freshly passivated, J0 and Sp+ (extracted using 
Fermi-Dirac statistics) are lower for lower surface concentrations/higher sheet resistances 
(Figures 4.4). After the degradation however, Altermatt found that J0 and Sp+ were 
approximately constant for all doping densities (Figure 4.8). The degraded Sp+ values 
were ~10,000-50,000 cm/s; an increase of more than an order of magnitude (see Figure 
4.4). However, an FGA step was able to recover the passivation quality if TCA was used 
during oxidation. The recovery did not occur if TCA was omitted. 
As both texturing and time appear to raise Sp+ by about an order of magnitude, the 
worst-case scenario would appear to be a textured p+ surface with unstable passivation. 
The results of Zhao et al. on n-type PERL cells with inverted pyramid textured, boron 
diffused emitters appears to confirm this fear – they reported a VOC loss of up to 100 mV  
after 2-3 years of dark storage due to de-passivation of the textured, SiO2-passivated 









Thermal oxide without TCA 
Figure 4.8 J0 as a function of sheet resistance of forming gas annealed, thermal 
oxide-passivated, planar boron-diffused wafers [104]. 
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4.3.2 PECVD Silicon Nitride Passivation of Boron Doped Emitters 
Silicon nitride (SiNX), usually grown using plasma enhanced chemical vapor 
deposition (PECVD), is perhaps the most widely used dielectric material in the PV 
industry.  Due to a favorable index of refraction (~2.0) and excellent passivation of 
phosphorous diffused Si surfaces, it is widely used as the anti-reflection coating (ARC) 
and front passivating layer on p-type silicon solar cells [54, 69, 108]. However, PECVD 
SiNX films provide exceptionally poor passivation on boron-doped p+ surfaces, resulting 
in SP+ values > 100,000 cm/s independent of the surface doping concentration (the 
corresponding J0 values are ~1000 fA/cm2) [104]. This is similar to the worst post-
degradation passivation quality provided by thermal SiO2 (Figure 4.8) [104]. While the 
high positive charge density of SiNX has been speculated to be a cause of the poor 
passivation, the simulation work of Altermatt et al. indicates that poor interface quality is 
a more likely cause of the low quality passivation [104]. Chen et al. reported that 
annealing a SiNX for 4 hours at 450 °C in a N2 ambient resulted in much improved 
passivation [109]; however, such long anneal times may not be compatible with high-
throughput industrial cell manufacturing. 
 
4.3.3 SiO2/SiN Stack Passivation of Boron Doped Emitters 
On textured boron diffused surfaces, the passivation performance of as-deposited 
thermal SiO2/SiN stacks is similar to or worse than that of SiO2-only passivation [110, 
111]. Veschetti et al. reported J0 values of 700-1500 fA/cm2 on textured 100-130 Ω/sq. 
boron emitters [111]. These values are comparable to those of Krygowski on textured 
surfaces (see Figure 4.5) using SiO2-only passivation [52]. Notably however, a short 
firing cycle resulted in significant reduction of J0 to ~90-150 fA/cm2. These post-firing 
values on textured emitters are comparable to typical values for SiO2-only passivation on 
planar boron emitters of similar sheet resistance [52, 94, 102, 104]. This suggests that 
hydrogenation of the p+-Si/SiO2 interface during firing can reverse the effect that 
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texturing has on SiO2 passivation. Since it is not clear from the literature if firing a 
thermal SiO2/SiNX has a beneficial effect on planar boron emitters as well this topic is 
examined in Chapter 7. 
Chemically grown oxide/SiN stack passivation has also been investigated and is 
currently thought be in production at Yingli [169]. It has been shown that firing a nitric 
acid SiO2/SiNX stack on a planar boron emitter results in a very large improvement in 
passivation [112]. Before firing, the passivation was comparable to SiNX-only passivation. 
But post-firing, the J0 was found to drop to just 23 fA/cm2 which matches the best results 
obtained with Al2O3 passivation (see Section 4.3.4 below). This improvement was also 
attributed to hydrogenation of the Si/SiO2 interface during firing. 
 
4.3.4 Passivation of Boron Doped Emitters by Negatively Charged Dielectrics 
Recently, negatively charged dielectrics have received significant attention because a 
high negative charge in the passivating dielectric provides field effect passivation in 
addition to interface passivation [102, 113-123]. Introduction of a negative charge density 
in thermal SiO2 via corona charging was found to result in a large improvement of SiO2 
passivation quality on textured, boron doped surfaces [102]. As discussed in Sec. 2.5.1.2, 
Benick et al. reported a factor of 11 increase in SP+ when going from a planar (5700 
cm/s) to a textured SiO2-passivated p+ surface (63,000 cm/s). However, addition of 
3.2x1012 cm-2 charge density to the same SiO2 layer (by corona charging) negated the 
effect of texturing, reducing Sp+ on the textured surface to 4500 cm/s. On the cell level, 
this charge-induced improvement in the SiO2 passivation resulted in a 2% (abs.) 
improvement in cell efficiency [102]. A similar beneficial effect was seen when corona 
charging was used to add a negative charge to unfired Si3N4/SiO2 or SiO2/Si3N4/SiO2 
stacks [113]. However, corona charging is not yet a commercial technique and data on 
the charge stability of these films over the 25-30 year life-span of a PV module is mixed 
[114, 115]. On relatively lightly boron-doped surfaces (boron concentration ≤ 1e16 cm-3), 
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modeling work suggests that the charge density of a negatively corona charged 
SiO2/Si3N4/SiO2 stack will show only modest degradation over a period of 25 years, 
while Si3N4/SiO2 stacks are considerably more unstable. UV-induced charge decay has 
also been reported, though the decay seems to be reduced under glass [115]. 
An alternate dielectric that has attracted recent interest is Al2O3 [116-123]. Although 
an extra annealing step is required to ‘activate’ Al2O3 passivation, excellent J0 values of 
6-70 fA/cm2 have been reported on Al2O3-passivated, planar 30-150 Ω/  boron diffused 
surfaces [116-121]. The excellent J0 values provided by the annealed Al2O3 films are 
attributed to both field effect passivation from the high negative charge density (up to 
~1e13 cm-3) in the annealed films and also to high quality interface passivation from an 
interfacial SiOx layer that either forms during the Al2O3 deposition or during the 
activation anneal [117, 118].  
While these activation anneals are commonly performed for several minutes at 350-
425°C, it has been shown that a short firing step is also able to activate the Al2O3 
passivation. On a planar, industrial-type boron emitter (surface concentration ~8x1019 cm-
3 and ~0.35 µm deep), J0 values as low as ~60 fA/cm2 and ~20 fA/cm2 were achieved 
using fired Al2O3 passivation and fired Al2O3/SiNX stack passivation respectively [120-
122]. The passivation provided by both was stable up to ~825°C. Critically, with the fired 
Al2O3/SiNX stack passivation, texturing the emitter resulted in only a 2.5x increase in J0. 
This is much lower than the ~5x-10x increase observed with thermal SiO2 passivation 
(see Section 4.3.1 and Figure 4.7). While long-term stability of Al2O3 passivation has not 
yet been shown, accelerated testing under EVA/glass has shown that the passivation is 
UV-stable over a 2 year period [123]. 
 
4.3.4 Amorphous Silicon Passivation of Boron Doped Emitters 
On boron emitters with sheet resistances in the range of ~20-200 Ω/sq., amorphous 
silicon/SiNX stacks annealed at ~350°C provided J0 values almost identical to those 
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obtained with forming-gas annealed thermal SiO2 by Altermatt et al. (Fig. 4.6) [123] 
offering another good alternative for passivating boron doped surfaces. As with Al2O3, 





Boron emitters/BSFs offer several advantages and disadvantages for next-generation 
solar cells. However, the challenge is to find a suitable low-cost boron diffusion source 
and passivating the resulting boron-doped surfaces. In this chapter, the literature on 
various boron diffusion sources were reviewed which shows that all sources have resulted 
in large degradations in bulk lifetime. BBr3, which is toxic and pyrophoric, has been the 
most successful source with high post-diffusion bulk lifetimes being reported by a few 
research groups. Conversely, relatively safer spin-on/spray-on and printed sources have 
resulted in the lowest post-diffusion lifetimes. Therefore, an important task in this thesis 
is to develop a low-cost, non-toxic, spin-on source and a related process technology that 
provides high lifetimes and high cell efficiencies. Specifically, solutions of high purity 
boric acid and DI water will be examined in Chapter 5. The performance of common 
passivating dielectrics on heavily boron doped Si surfaces was also reviewed. Unlike 
phosphorous diffused surfaces, the most common dielectrics – thermal SiO2 and SiNX – 
have trouble providing high-quality, stable passivation on boron diffused Si surfaces. 
Relatively newer materials such as Al2O3 and a-Si appear to be more promising. Limited 
data suggests fired SiO2/SiNX stacks may also provide good passivation. Therefore, in 
Chapter 7, the passivation performance of fired thermal SiO2/SiNX will be examined 










As discussed in Chapter 4 (see Table 4.1 and Figure 4.2), the most successful boron 
diffusion source in terms of post-diffusion lifetime and cell efficiency has been BBr3 
which is pyrophoric and potentially toxic. Solid sources, spin-on dopants (SODs) and 
pastes are simpler and safer alternatives, but have thus far failed to match BBr3 in terms 
of lifetime and cell efficiency. Therefore, this work examines if spin-on boric acid 
solutions can serve as an alternate spin-on source that combines low-cost, non-toxic 
characteristics with the high lifetimes achieved with the BBr3 source. Since contaminants 
in SODs are thought to be the cause of their poor performance, boric acid was chosen for 
study as high purity boric acid is commercially available from several vendors [124, 125]. 
Additionally, boric acid is very safe – its median lethal dose (LD50 – a measure of 
toxicity) is similar to that of sodium chloride (table salt) and the boric acid solutions used 
in this work are only very weakly acidic [126, 127]. 
 
5.1 Chemistry of Boron Diffusion into Silicon using Boric Acid 
 
First, the known chemistry of boron compounds was studied to see if a reaction 
pathway exists that will allow boric acid (H3BO3) to serve as a high temperature boron 
diffusion source [127, 128]. As discussed in Chapter 2, the first step in thermal diffusions 
of boron into silicon is the deposition of a layer of boric oxide (B2O3) onto the wafer 
surface. B2O3 then reacts with Si to liberate B atoms (Equation 4.1) which can diffuse 
into the wafer. The conversion of boric acid (H3BO3) into B2O3 proceeds as follows.  
Boric acid (H3BO3) is a hydrate of boric oxide (B2O3) which exists in the crystalline 
phase [127]. 
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B2O3 .3 H2O = 2 H3BO3                                            (5.1) 
Diffusing boron from boric acid into silicon involves a two-step dehydration of boric acid. 
First, metaboric acid (HBO2) is formed at temperatures beyond ~130°C [127, 128]. 
Metaboric acid is also a hydrate of B2O3 and its three phases co-exist as a mixture. 
H3BO3 + ∆  HBO2-III + H2O (orthorhombic phase)                      (5.2) 
                                                 HBO2-II + H2O (polyclinic phase) 
                                                 HBO2-I + H2O (cubic phase) 
Anhydrous boric oxide (B2O3) starts to form when this mixture is heated beyond 250°C. 
At 350°C, over 90 wt. % of the mixture is in the form of B2O3. 
2 HBO2 + ∆  B2O3 + H2O                                         (5.3) 
B2O3 then reacts with silicon to liberate boron atoms which diffuse into silicon at high 
temperature.  
2 B2O3 + 3 Si  3 SiO2 + 4 B                            (5.4) 
Note that Equation 5.4 is identical to Equation 4.1 from Section 4. It has been repeated 
here for the reader’s convenience. 
 
5.2 Fabrication of Boric Acid based Spin-on Sources 
 
To experimentally verify the feasibility of using boric acid as a diffusion source, spin-
on dopant (SOD) sources were created by dissolving boric acid (> 99.999 %, Sigma 
Aldrich Corp.) in de-ionized (DI) water [124]. Boric acid exists as white, flaky crystals at 
room temperature so a liquid carrier is required if boric acid is to be used as a spin-on 
source. In this work, DI water was chosen as the carrier solvent for multiple reasons: 
1. It is easily available in large quantities as is continuously created in-house in 
order to support wet processing steps. 
2. DI water is also heavily used in industrial PV manufacturing. Therefore, a boric-
acid/DI H2O source can be easily created in an industrial setting. 
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3. Organic solvents (which are often used in commercial SODs) vaporize easily at 
room temperature which can change the dopant concentration in the SOD mixture 
over time. Low temperature and low humidity conditions are also required to slow 
down the decomposition of organosilicate materials such as TEOS which may be 
present in the SOD mixture [52, 129]. Maximizing the shelf life of common 
commercially available, spin-on sources therefore requires refrigerated storage 
and re-warming of the SOD before use. In contrast, the boric acid/DI water 
solutions used here are very stable at room temperature and across a wide range of 
humidity conditions as demonstrated later in this chapter. 
 
As mentioned earlier, the boric acid/DI H2O source is also very safe. No volatile, 
toxic or pyrophoric materials are created during the diffusion process either.  
 
5.3 Diffusion from Boric Acid/DI Water Sources 
 
Prior to depositing the boric acid solutions on to test Si wafers, the wafers were 
cleaned and a chemical oxide layer was grown in a 2:1:1 H2O:H2O2:H2SO4 solution. This 
final step makes the surface hydrophilic and is essential for uniform spreading of the 
boric acid/DI H2O source during spin-coating and for obtaining uniform sheet resistances 
after diffusion. On hydrophobic surfaces, the coated film was very non-uniform with 
visible streaks and large flakes of boric acid decorating the wafer surface after spin-
coating. Uniform coating of a wafer does not, however, guarantee uniform and repeatable 
diffusion as discussed in the following sub-sections. 
 
5.3.1 Single Slot Loading  
In the first attempts at diffusion using spin-on boric acid sources, wafers were loaded 
into the carrier boat with one wafer per slot, with the boric acid coated sides facing each 




























Figure 5.1 Sheet resistance measured on boric acid coated wafers using the B2B and 



























Figure 5.2 Vapor Pressure of boric acid (H3BO3) in the presence of steam (from Ref. 
127). The solid line is a least-squares fit to the data. 
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runs was found to be very erratic (Figure 5.1). This variability is likely the result of the 
sensitivity of the vapor pressure of boric acid to temperature (Figure 5.2). While boric 
acid has a vapor pressure < 1 atm. at room temperature, it rises very quickly with 
temperature. At just ~120°C, the vapor pressure of boric acid is > 1 atm. resulting in 
vaporization of the source. Though the temperature of the boat during wafer loading was 
not directly measured, the furnace temperature during loading was always at ~800°C; it is 
therefore likely that a significant fraction of the boric acid source vaporized during the 
loading process. As atmospheric pressure can vary with the local weather, the single slot 
loading method is an unreliable method of performing diffusion using boric acid. 
 
5.3.2 Back to Back Loading in One Slot    
In order to combat vaporization during loading, wafers were loaded back to back 
(B2B) with two wafers in the same slot. In addition, only one wafer in each slot was 
coated with boric acid. It was found that this loading method produced the same sheet 
resistance on both wafers in each slot. As shown in Figure 5.1, the B2B loading method 
resulted in much lower sheet resistance than the single slot loading method. Furthermore, 
the results were reproducible as discussed later in this chapter.   
 
5.3.3 Pre-Diffusion Treatment using Rapid Thermal Processing  
An alternate method for getting around the vaporization problem was also developed 
in which boric acid coated wafers were loaded into a rapid thermal processing chamber 
and ramped to 850°C (1s hold time) at a rate of 80°C/s before loading into a diffusion 
tube furnace for further diffusion. This rapid thermal treatment ‘fixes’ the boric acid by 
converting it to B2O3 following Equations 5.1 through 5.3. Presumably, due to the rapid 
ramp rate, the reactions in Equation 5.1 through 5.3 occur faster than the loss of boric 




















Figure 5.3 Sheet resistance measured on boric acid coated wafers using the B2B 
loading and RTP pre-fixing methods after a 60 minute diffusion at 925°C in N2. 
 
can be obtained using single-slot loading. However, this method involves one additional 
step and results in roughly the same sheet resistance as the B2B method (Figure 5.3). 
As the B2B loading method is simpler, halves the use of boric acid and the spin-
coating time (as only every other wafer in a pair needs to be coated), and doubles boat 
utilization (due to two wafers being in each slot), the RTP fixing method was not pursued 
further. For nearly all the work presented in this thesis, the B2B loading method was used.      
 
5.3.4 Diffusion Results on Planar Wafers 
The solubility limit of boric acid in water is ~5 wt.% at room temperature [127]. 
However, the solutions created in this work never approached the solubility limit. As 
Figures 5.4 to 5.7 show, by adjusting the boric acid concentration from 0.5 wt.% to just 2 
wt.% and controlling the diffusion time and temperature, boric acid/DI H2O sources can 
be used to form emitters with junction depth ranging from 0.2-1.6 µm and sheet 

























A: 950 oC; 4 mins in N2
B: 925 oC; 60 mins in N2 (SIMS) 
C: 1000 oC; 20 mins in N2 (SIMS) 
D: 1000 oC; 60 mins in N2 (SIMS) 
E: 1000 oC; 60 mins in N2 + 60 mins in O2
A B C D E 
Figure 5.4 Boron profiles after diffusion at 925-1000 °C using 0.5-1 wt.% boric 
























0.5 wt. % Boric Acid 
Solution 
1.0 wt. % Boric 
Acid 
Figure 5.5 Sheet resistances achieved through diffusion with boric acid/DI water 
spin-on sources by controlling the source concentration and diffusion conditions.  
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Such flexibility is useful in solar cell design because different profiles have different  
uses – high surface concentrations make it easier to form ohmic contacts to diffused 
regions using SP pastes while low surface concentrations can improve passivation quality. 
Thin, lightly diffused regions are preferred for the sunward facing emitter layer (as this 
reduces parasitic absorption within the emitter) while deeper, more heavily doped layers 
are often used for BSFs (see Table 4.1) in order to maximize field effect passivation. The 
wide range of doping profiles and sheet resistances achieved demonstrates that boric acid 
is a viable boron source for a wide range of solar cell designs. 
As discussed in Section 4, a boron rich layer or BRL forms at the Si surface if the 
boron source can keep the wafer surface saturated with boron atoms over the course of 
the diffusion process. For the diffusion temperatures shown in Figure 5.1, the solid 
solubility limit is < 2x1020 cm-3 according to Ref. 67. The surface concentration for all the 
SIMS profiles in Figure 5.4 exceeds this limit which suggests the presence of a BRL. 


























60 minutes in N2
Figure 5.6 Peak boron concentrations after 60 minute diffusions in N2 using a boric-
acid/DI water source as measured using SIMS.   
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boric acid are ‘quasi-infinite’ sources in the sense that they can keep the Si surface 
saturated with boron atoms over the course of the diffusion process. The peak 
concentration of this BRL region does however drop with increased time and temperature. 
This may be due to diffusion of boron from the BRL as discussed in Chapter 4. An 
example of this drop in the peak boron concentration in the BRL is shown in Figure 5.6. 
It can be inferred from Figure 5.7 that this ‘quasi-infinite’ characteristic holds for 
boric acid concentrations down to 0.5 wt. %. Using higher concentrations has a minimal 
impact on sheet resistance which indicates that the 0.5 wt. % solution does not get 
depleted over the course of the process.  If a more easily depleted source is required for 
any application (such as a low surface concentration emitter layer), that role can also be 
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Figure 5.7 Sheet resistance of planar boron emitters diffused at 1000oC for 60 
minutes using boric acid/DI water sources as a function of boric acid concentration. 
 
5.3.5  Reproducibility of Boric Acid Diffusions 
The reproducibility of diffusions with the boric acid spin-on solutions was tested 
since commercial SOD sources have been reported to be sensitive to age, storage 
temperatures and the ambient relative humidity and temperature during spin-coating [52, 
129]. Figure 5.8 shows that the boric acid solutions are fairly insensitive to age, 
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Figure 5.8 Histogram of sheet resistances obtained over time with the B2B loading 


















Boric Acid-Coated Source Wafers
Uncoated Target Wafers
 
Figure 5.9 Histogram of sheet resistances over time achieved on source and target 
wafers with the B2B diffusion method. The data here is the same as in Figure 5.8. 
 
 
nce was just 3 Ω/sq. despite large in ambient relative humidity (20% to 55%) and 
moderate temperature variations (17-25 °C). The shelf life of the boric acid solutions (i.e. 
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the period over which reproducible doping can be obtained) is at least 6 months. The 
upper limit of the shelf life has not been determined as the stocks of solutions prepared 
for this work ran out in 6 months or less. 
The data in Figure 5.8 is re-plotted in Figure 5.9 by splitting the histogram into two – 
one for source wafers and the other for target wafers. As mentioned above, in the B2B 
loading method, only one wafer out of each pair is spin-coated with boric acid. Figure 5.9 
demonstrates that with just one spin-coat, two wafers can be equally diffused. 
 
5.3.6 Diffusion of Textured Wafers using Boric Acid/DI H2O Spin-On Sources 
With spin-on sources, non-uniform spreading of the source on rough, textured 
surfaces is a concern since discontinuities in diffused regions can affect cell performance. 
Therefore, the ability of spin-on boric acid/DI water sources to uniformly dope a random 
pyramid textured surface was checked using SEM imaging. Several samples up to ~6 cm 
long were imaged to allow reasonably large sections to be checked. Differences in doping 
concentration and dopant type show up in SEM images as a contrast difference [130] – 
the p+ emitter formed using the spin-on boric acid source is clearly visible as a bright line 




Figure 5.10 SEM image of a boron diffused layer formed on a textured surface using 
a boric acid/DI water spin-on source. Pixel intensity profiles of the marked regions 



























Figure 5.11 Pixel intensity profiles of the peak, flank and valley regions marked in 
Figure 5.10. 
 
While no discontinuities in the diffused region were observed, it is difficult to 
determine from visual examination whether the junction depth varies across the rough 
surface. Elliot et al. have shown that the intensity/brightness of a doped region (stored as 
an 8-bit pixel value in the SEM images) is directly related to the ionized p+ dopant 
concentration [130]. This provides a quantitative method of estimating junction depth 
from SEM images as variation in the pixel value across the p+-n junction – referred to 
here as a ‘pixel intensity profile’ – can be extracted from the images. A few examples of 
such profiles are shown in Figure 5.11. From such measurements it was found that the 
depth of junctions formed using a spin-on boric acid solution is fairly uniform in the 
peaks, flanks and valleys of the textured surface. That said, the junction depth at the 
pyramid peaks does tend to be deeper than at the flanks/valleys. The opposite case – the 
junction depth being deeper at flanks/valleys – was never observed. However, the depth 
variation was small – the junction at peaks was deeper than the junction at neighboring 






In this chapter, boron diffusion from spin-on boric acid/DI water solutions was 
experimentally demonstrated. Vaporization of the source during wafer loading is a 
concern that can be addressed by either loading two wafers in one slot in a source/target 
configuration or with a short, rapid thermal step to ‘fix’ the source onto the wafer. By 
controlling the boric acid concentration in the solutions, and the diffusion time and 
temperature, a wide range of sheet resistances and doping profiles compatible with high 
efficiency solar cells (see Chapter 6) can be achieved. The stability of boric acid/DI water 
sources and reproducibility of doping from these sources was also demonstrated. Finally, 






MODELING AND DESIGN OF A 20% EFFICIENT                               




In Chapter 3, modeling showed that obtaining a 20% efficient cell requires a BSRV 
or Sp/p+ (the S at the p/p+ interface) of ~200 cm/s (subject to the constraint that the front-
side processing of the cell is identical to that of the 18.9% Al-BSF baseline cell). Chapter 
5 showed that boric acid/DI water solutions are viable sources for fabricating a B-BSF. 
The focus of this chapter is to establish, via PC1D modeling, a cell design and a boron 
diffusion process that can achieve the desired BSRV and efficiency targets.  
While many cell designs/processes can hit the required BSRV and efficiency targets, 
having a commercially relevant structure/process is an important consideration of this 
thesis. Therefore, the modeling in this chapter was subjected to the following constraints: 
1. No step in the B-BSF cell process should be longer than the longest step in the 
baseline Al-BSF process in order to maintain the same throughput, and  
2. Minimize the number of process steps to minimize process cost. 
As the longest step in the baseline Al-BSF process is a ~90 minute long POCl3 diffusion, 
the goal is to find a B-BSF cell process that can achieve 20% while keeping the lengths 
of all the individual steps ≤ 90 minutes. 
 
6.1 Choice of Cell Structure and B-BSF Profile 
 
Figures 6.1 (a) and (b) show two candidate structures for a B-BSF solar cell. The 
structure with the fully metallized rear is clearly the simpler structure and would require 
the addition of just one step to the Al-BSF process, namely boron diffusion. The more 
complex local contact structure would require at least 3 additional steps – boron diffusion, 
































































Figure 6.1 Structures and simplified process sequences for candidate B-BSF solar 
cells – (a) full-area metal contact B-BSF cell, (b) local-contact B-BSF cell and (c) 









































Sp/p+ ≈ 200 cm/s @ Sp/p+ = 106 cm/s     
        ≈ 180 cm/s @ Sp/p+ = 104 cm/s 
4
Sp/p+ ≈ 550 cm/s @ Sp/p+ = 106 cm/s     
        = 200 cm/s @ Sp/p+ ≈ 40,000 cm/s  
Figure 6.2 Candidate B-BSF profiles and surface recombination velocities for 20% 
efficient SP cells. 
 
local contacts and also serve as the BSR. 
In order to find an appropriate B-BSF profile that can achieve 20% efficiency with 
the simpler, fully-metallized structure, the 20% efficient PC1D model from Chapter 3 
was extended to include a Gaussian p+ profile on the rear side to model a B-BSF. 
Simulations run with this extended model showed that with no passivation of the B-BSF 
(i.e. full-area metallization), a ~3.5 µm deep B-BSF with surface concentration of 1x1020 
cm−3 is required (red curve in Figure 6.2) to attain the target Sp/p+ value of 200 cm/s. Such 
a heavily doped BSF is considered to be electrically ‘opaque’ as the Sp/p+ value is not 
sensitive to the recombination velocity at the p+-Si surface (referred to here as SSURFACE 
or Sp+). As noted in Figure 6.2, the Sp/p+ value for such an opaque BSF is ~200 cm/s for 
SSURFACE ~1x106 cm/s (metallized p+-Si surface) or 10,000 cm/s (well passivated p+-Si 
surface). The down-side of this concept is that achieving such a deep boron BSF requires 
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high processing temperatures and long processing times. King and Swanson reported 
processing time > 5.5hrs and peak processing temperature of 1120°C for boron emitters 
of similar depth [33]. Such a prolonged diffusion step means that the simpler, fully-
metallized B-BSF structure (Figure 6.1 (a)) does not meet the manufacturability criteria 
that all steps in the cell process sequence be ≤ 90 minutes long. 
The experimental diffusion work done in Chapter 5 revealed that the most heavily 
doped emitter that could be achieved with a ~90 minute long process time (including 
temperature ramps) and a relatively reasonable peak temperature of 1000°C is only ~0.8 
µm deep (see Figure 5.3 – curve C). In contrast to the opaque B-BSF process, this 
diffusion lasts < 30 minutes at 1000 °C; the resulting BSF has a sheet resistance of ~35 
Ω/ . Unfortunately, such shallow BSFs are electrically ‘transparent’ so the Sp/p+ value is 
very sensitive to recombination at the p+-Si surface. Using the Gaussian approximation of 
the experimental profile, when no passivation is applied (i.e. a fully metallized BSF with 
Sp+ of ~1x106 cm/s), the BSRV is ~550 cm/s; a value very similar to that of the baseline 
screen-printed Al-BSF cell (600 cm/s). In order to achieve the target Sp/p+ of 200 cm/s 
using this transparent B-BSF, Sp+ ~ 40,000 cm/s is required. This means that if the 
process throughput of the baseline Al-BSF cell is to be maintained, increased process 
complexity in the form of an additional passivation step and local contacts (Figure 6.1 




The PC1D modeling work in this chapter showed that while fully metalizing the rear 
of the B-BSF cell minimizes the number of processing steps, achieving 20% efficiency 
with such a structure requires a very long and very high temperature boron diffusion step 
that is likely to be unattractive for commercial production. Therefore, based on model 
calculations, a more complex cell structure with a passivated, transparent B-BSF and rear 
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local contacts is proposed and selected in this thesis for achieving the goal of a 20% 
efficient, low-cost, screen-printed B-BSF solar cell. 
One potential advantage of giving up process simplicity in exchange for a higher 
throughput and lower thermal-budget process is higher bulk minority carrier lifetime. As 
discussed in Chapter 4, reduced bulk lifetimes in processes utilizing boron diffusion have 
been reported for numerous boron sources — the loss in lifetime has been associated with 
the generation of gliding misfit dislocations and the introduction of contaminant species 
such as Fe [85, 86, 90]. Both misfit dislocation generation and Fe contamination are more 
likely to occur with prolonged, high-temperature processes [91, 131]. It is important to 
note that in the modeling done here, it was assumed that B-BSF cell processes will result 
in the same bulk lifetime (~450 µs) as the Al-BSF process. This assumption is relaxed in 




DEVELOPMENT OF DIELECTRIC PASSIVATION FOR A                  





In the previous chapter of this thesis, a combination of experimental and modeling 
work was used to show that boron back surface fields (B-BSFs) that can be formed with a 
relatively short (≤ 90 minutes) diffusion cycle are electrically ‘transparent’ and need to be 
passivated in order to achieve high efficiencies. Modeling indicated that in order to 
achieve a 20% efficient SP B-BSF cell, an effective BSRV (Sp/p+) of ~200 cm/s is 
required. In this chapter, several dielectrics are examined with the goal of identifying a 
material/process combination that can meet or exceed this passivation requirement in a 
relatively short (≤ 90 minutes) thermal cycle. The effect of negative charge in the 




The passivation quality of various dielectric materials was quantified via saturation 
current density (J0) and Implied VOC measurements using the Transient-PCD and QSS-
PC methods respectively [29, 51].  
The J0 samples are high resistivity (500-700 Ω-cm) n-type FZ wafers that were 
symmetrically boron diffused and passivated (Figure 7.1). Such high resistivity wafers 
were used as the Transient-PCD method requires that the base to be under high-level 
injection [29]. To extract the recombination velocity at the p+ surface (Sp+) from the J0 
measurements, the PC1D modeling program [16] was used. First, the SIMS profile of the 
BSF under study was imported into PC1D to create a p+/n junction and Sp+ was fixed at a 
guessed initial value (the electron and hole recombination velocities were assumed to be  
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n-type Si substrate 
 Dielectric
Figure 7.1 Schematics of test structures used for saturation current density (J0) and 
implied open-circuit voltage (Implied VOC) measurements. 
 
 
equal). The p+/n junction was then DC biased at 0.4V, and the simulated minority carrier 
current density (Jn) at the depletion edge in the emitter was converted to a J0 value using: 
kT
qV
n eJJ 0=                                                    (7.1) 
 
where V is the applied DC bias (0.4 V). The Sp+ value was then iteratively changed till 
the modeled J0 at the depletion edge in the emitter matched the measured J0. The 
calculated J0 at the depletion edge in the base can also be used; the modeled J0 at both 
depletion edges is nearly identical as recombination within the depletion region is small. 
Therefore, Sp+ extraction is not strongly dependant on which depletion edge is used to 
match J0.  Note that the p+/n junction can also be excited using an optical pulse (as is 
done in the experimental J0 measurements); in PC1D, both methods were tried for a few 
cases and were found to be equivalent.  
For the Implied VOC measurements, 1.3 Ω-cm FZ Si wafers were diffused on the rear 
side with the same B-BSF used in the J0 measurements and diffused on the front with the 
same POCl3 emitter used for the baseline 18.9% Al-BSF cell (see Chapter 4). The B-BSF 
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was passivated with the same dielectrics used in the J0 studies while the emitter was 
passivated with the same oxide/SiNX stack used for the baseline Al-BSF cell.  
 
7.2 Initial Passivation Studies 
 
The B-BSF selected for cell fabrication (see Section 6.1) is ~0.8 µm deep and has a 
sheet resistance of ~35 Ω/sq. before passivation. However, the initial passivation studies 
in this thesis (which were performed before the ~35 Ω/sq. BSF was selected), used a 
more lightly doped ~80 Ω/sq. BSF. Figure 7.2 shows the profile of this BSF before and 
after passivation with a thermal oxidation step. The diffusion was performed at 925°C for 
60 minutes followed by oxidation/drive-in at the same temperature. Note that this 
diffusion condition was not considered for cell fabrication as the total process time is 
longer than the 90 minute time limit imposed on all cell process steps in order to maintain 



























Figure 7.2 SIMS profiles of a B-BSF used for J0 measurements before and after a 























Figure 7.3 Saturation current density, J0, of a ~110 Ω/sq. B-BSF (profile in Figure 
7.2) passivated with various dielectric materials. 
 
The passivation quality of four dielectric materials were examined – thermal SiO2, 
PECVD SiNX, and two SiO2-based spin-on dielectrics from Filmtronics Inc. The two 
spin-on glasses (SOGs) were: 1) 20B – a solution with a silicate precursor which forms a 
pure SiO2 layer upon curing and 2) Al 110 – an ‘SiO2-based’ SOG which is doped with 
an aluminum compound [129]. The spin-on dielectrics were deposited onto both sides of 
the J0 wafers via spin-coating and then cured in a tube furnace at the same conditions 
used to grow the thermal oxide. In all cases, the thermal oxidation step results in a 
significant depletion of boron at the Si surface (Figure 7.2) and the sheet resistance 
increases to ~110 Ω/sq. In order to allow for an ‘apples-to-apples’ comparison, the SiNX 
passivated samples were also oxidized, but the oxide was stripped in a HF solution prior 
to SiNX deposition.  
Figure 7.3 shows the results of J0 measurements after various processing steps: 1) 
immediately after passivation, 2) after a forming gas anneal (FGA) at ~400°C, and 3) 
after a short firing step (700-800°C) to simulate screen-printed (SP) contact firing. In 
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agreement with the literature record [104], SiNX provided very poor passivation which 
did not significantly improve after FGA and firing. While the as-grown thermal oxide 
(~100 Å) provides high-quality passivation, it was found to be unstable through a high-
temperature firing cycle. The degradation in the J0 after firing is equivalent to a large 
20mV drop in the VOC ceiling. Since impurity diffusion to the Si/SiO2 interface during 
firing was thought to be one possible cause of the degradation, it provided the impetus for 
examining SOGs as they provide thicker oxide layers (~1000 Å for the Al-doped SOG 
and ~2000 Å for the pure SiO2 SOG) in the same process time. In the as-cured state, both 
provide marginally worse passivation than thermal SiO2, but show better thermal stability 
through the firing cycle.   
 
7.3 Cell-Specific Passivation Studies on Planar Surfaces 
 
While the initial passivation studies used a ~110 Ω/sq B-BSF for J0 measurements, 
later studies focused on the ~35 Ω/sq. boron profile that was determined via modeling 
(see Chapter 6) to be suitable for an industrial-type 20% efficient process. The remainder 
of this chapter examines the passivation characteristics of various dielectrics on only this 
B-BSF profile (Figure 7.4).  
 
7.3.1. Al-Doped Spin-on Glass 
As the Al-doped SOG showed the best firing stability in the initial passivation study, 
it was applied to the ~35 Ω/sq. transparent B-BSF. In order to mimic the cell fabrication 
process, the boron diffused J0 samples also went through the thermal cycle of a POCl3 
diffusion step before being passivated. Both boron diffused surfaces were protected by a 
spin-on glass to prevent counter doping from the POCl3 furnace itself. The profiles of the 



























After Boron + POCl3 Thermal Cycle +
Al-doped SOG Cure
After Boron + POCl3 Thermal Cycle +
Thermal Oxide Growth
 
Figure 7.4 SIMS profiles of the B-BSF used for cell fabrication immediately after 
boron diffusion and after the subsequent thermal steps in the cell fabrication 
process. 
 
The final B-BSF profile is very similar regardless of whether the BSF is passivated by 
a thermal SiO2 layer or by the Al-doped SOG (which is cured using the same oxidation 
process). The passivation step reduces the surface boron concentration and the sheet 
resistance of the B-BSF increases from ~35 Ω/sq to ~40-45 Ω/sq. As J0 measurements 
were performed only after passivation, the post-passivation profile was used in PC1D for 
Sp+ extraction. The oxidation/SOG cure was performed for 10 minutes at 900°C followed 
by a 15 minute N2 anneal – the same process is used to passivate the emitter of the 18.9% 
Al-BSF cell that is the ‘baseline’ cell for this thesis.  
The PC1D modeling in Chapter 6 had predicted that passivation of the transparent B- 
BSF is required for achieving high cell efficiencies. The measured J0 results (Figure 7.5) 






















Figure 7.5 Saturation current densities, J0, of the cell B-BSF.  
 
is poorly ‘passivated’ by the boron-rich layer (BRL) resulting in J0 values over 400 
fA/cm2 which corresponds to a VOC limit of just ~650 mV. But after passivation with the 
Al-doped SOG, J0 drops to values as low as 116 fA/cm2 (~140 fA/cm2 avg.) which 
corresponds to a VOC limit of about ~685 mV.  
On one sample, the SOG passivation was etched off in a HF solution and J0 was re-
measured. Removal of the surface passivation resulted in J0 ~715 fA/cm2 (an increase of 
~600 fA/cm2) which reduces the VOC limit by more than 40 mV. This experimentally 
confirms the modeled prediction (see Chapter 6) that the shallow BSF chosen for cell 
fabrication is electrically transparent. The need to passivate the transparent B-BSF is the 
reason that the emitter of the baseline 18.9% Al-BSF cell (see Chapter 3) was passivated 
with a SiO2/SiNX stack instead of just SiNX (since the emitter gets passivated with a thin 
thermal oxide layer in the same step used to cure the SOG). The oxidation/curing recipe 
used for these passivation studies were chosen because it:  
1. Satisfies the requirement that all steps in the B-BSF cell fabrication process last 
no longer than the 90 minutes (the length of thermal cycle of the POCl3 step) 
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2. Provides good passivation of both the B-BSF and the phosphorous emitter (see 
Chapter 3 for the results on the phosphorous emitter), and  
3. Results in only a thin (~150 Å) SiO2 layer on the emitter which, after capping 
with a SiNX layer, shows similar reflection to a ~750 Å SiNX-only ARC.  
The J0 values from Figure 7.5 were converted to Sp/p+ values (Figure 7.6) for a 1.3 Ω-









0                                                (7.2) 
The value used for NA was 1.14x1016 cm-3. For ni at 25°C, 8.6ex109 cm-3 was used 
which is equivalent to 1x1010 cm-3 @ 300K [30]. The results (Figure 7.6) show that with 
no passivation or with BRL passivation, Sp/p+ exceeds the target value of 200 cm/s 




























Figure 7.6 Sp/p+ or effective BSRV values for the cell B-BSF. The dashed lines show 
the target BSRV value (200 cm/s) for achieving a 20% cell with this B-BSF as well as 
the BSRV of a baseline 18.9% Al-BSF cell.  
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With the Al-doped SOG passivation however, Sp/p+ is lower than the target value 
which leaves some headroom to accommodate the degradation in passivation that will 
occur after metallization. This issue is examined further in Section 7.5. 
In the literature review of Chapter 4, it was noted that the passivation provided by 
thermal SiO2 passivation on boron diffused surfaces was reported to degrade over time 
(see Section 4.3.1.3) resulting in large increases in J0 (see Figure 7.7) and losses in VOC 
exceeding 100 mV [107]. Therefore, the stability of the Al-doped SOG passivation used 
in this work was examined using both J0 measurements and Implied VOC measurements 




Thermal oxide without TCA
Figure 7.7 J0 as a function of sheet resistance of forming gas annealed thermal SiO2-











































Figure 7.9 Implied VOC of an un-metallized B-BSF cell over time. 
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Figure 7.10 Charge in the Al-doped SOG at various process steps and over time. 
The data is from Ref. 19. 
 
Over a period of 7 months of dark storage in air, only a slight increase in J0 was found 
to occur which could be completely reversed with an FGA step (Figure 7.8). Similar 
behavior was observed on the Implied VOC samples (Figure 7.9) which were passivated 
on the rear with the Al-doped SOG and on the front with a thermal SiO2/SiNX stack. VOC 
gradually stabilized after a period of 1 year and the small drop of ~3mV was completely 
reversible with a FGA step. The slight instability in the passivation provided by the Al-
doped SOG may be related to its charge. It was previously shown that the as-cured Al-
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doped SOG is negatively charged, and that the negative charge dissipates over a period of 
6-12 months (Figure 7.10) [19]. Since the presence of a negative charge in a passivating 
dielectric can significantly improve passivation of a p+ layer [102], [113-123], the effect 
that the dissipation of charge in the Al-doped SOG has on passivation quality was 
investigated through modeling. 
 
7.3.1.1 The Effect of Dielectric Charge and the Boron Profile on Passivation 
Work by other authors on boron emitters with relatively low surface concentration 
(Ns ~ 5x1018 cm-3) showed that the application of a negative charge density of ~4x1012 
cm-2 to SiO2 and SiO2/Si3N4 stacks significantly improved passivation, with a ~6x 
reduction in J0 and ~40 mV boost in the VOC [102], [113]. Since loss of negative charge 
in the Al-doped SOG resulted in a much smaller degradation in J0 and VOC for the more 
heavily-doped (~40-45 Ω/sq) B-BSF used in this work, modeling was used to examine 
how emitter passivation is affected by: 1) the magnitude of the dielectric charge and 2) 
the surface/peak doping concentration of emitter being passivated. To explore the 
relationship between the two, the 20% efficient PC1D model built in Chapter 6 was 
modified to include a charge density at the rear surface. This charge was varied and its 
impact on passivation was examined by using the change in the simulated cell VOC as an 
indication of change in passivation quality. The effect of surface concentration was 
examined by repeating this for a variety of B-BSF profiles – the SIMS profile of the B-
BSF used here (Figure 7.4) and four Gaussian profiles with surface concentrations 
ranging from 6x1018 cm-3 to 1x1020 cm-3 (Figure 7.11). Sp+ was not varied with surface 
concentration in order to isolate the effect of surface charge from surface recombination. 
Instead, the Sp+ for all the profiles was fixed at 40,000 cm/s which is the target Sp+ for the 





























B         6.1019 cm-3 
C         1.1019 cm-3
D         6.1018 cm-3  
Surface Concentration
Figure 7.11 Gaussian boron profiles used to model of the effect of charge and 
surface doping concentration on passivation. 
 
 
Table 7.1. PC1D modeling showing that the effect of rear dielectric charge depends 
on the BSF doping profile. Profiles A-D are from Figure 7.11 and the SIMS profile 
is from Figure 7.4. 




charge density B-BSF Profile 
Initial Cell 










A 649 + 1 mV + 4 mV 20.1 20.1 % 20.3 % 
SIMS  648 + 2 mV + 6 mV 20 20.1 % 20.4 % 
B 649 + 2 mV + 7 mV 20.1 20.2 % 20.5 % 
C 644 + 6 mV + 16 mV 19.8 20.2 % 20.7 % 




For both the SIMS boron profile and its Gaussian approximation (Curve B), a 
negative charge of -1x1012 cm-2 increases the simulated VOC by just 2 mV. This is in 
good agreement with the ~3 mV loss in VOC over time that was experimentally observed 
with the Al-doped SOG passivation (which has similar charge – Figure 7.10) and 
provides support for the theory that the instability is due to the SOG losing its charge 
over time.  
The simulations also show that the effect of a negative surface charge is higher for 
lower surface concentrations, which explains why the effect of charge on VOC observed 
in this work is smaller than that reported previously for more lightly doped boron emitters. 
A charge density of -1x1013 cm-2 also has a much larger effect than a charge density of -
1x1012 cm-3. It is interesting to note that cells with a lower surface concentration BSF 
(Profiles C and D) start off with lower VOC and efficiency, but with a surface charge 
density of -1x1013 cm-2, these cells outperform the high-surface-concentration BSF cells. 
Since similarly high charge densities have been reported for Al2O3 films [117, 118], 
efficiencies beyond 20% appear to be possible if Al2O3 is used for passivating the B-BSF 
in this work. While lowering the surface concentration could lead to even higher 
efficiencies, this was not pursued in order to avoid difficulties associated with forming 
screen-printed ohmic contacts to Si with low doping concentrations. The sheet resistances 
for profiles C and D (Figure 7.11) are 200 Ω/sq. and 270 Ω/sq. respectively. 
 
7.3.2 ALD Al2O3
As the modeling in the previous section indicated that a dielectric with a high 
negative charge density could improve passivation, the passivation quality of Al2O3 was 
also evaluated using J0 measurements. In order to facilitate comparison, these samples 
were processed identically to the Al-doped SOG passivated J0 samples. The SOG was 



























Figure 7.12 Saturation current density of the cell B-BSF after passivation with the 
Al-doped SOG and with Al2O3 at various processing steps. 
 
 
atomic layer deposition (ALD). The samples were measured with the Al-doped SOG 
passivation, after Al2O3 deposition and after subsequent processing steps (Figure 7.12).  
In the as-deposited state, Al2O3 provides extremely poor passivation in agreement 
with literature reports on ALD Al2O3 [116, 133]. A short N2 anneal at 425°C significantly 
improves the passivation quality, resulting in J0 values that are lower than those achieved 
with the Al-doped SOG. The passivation quality is also thermally and temporally stable, 
even showing small improvements after SiNX capping and firing. To track stability over 
time, the samples were stored in the dark in air; under these conditions, the passivation 
shows no degradation over a 3 year period. Using Equation 7.2, the Sp/p+ of the Al2O3 
passivated B-BSF works out to be ~70-100 cm/s, which is better than the ~140 cm/s 
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Figure 7.13 Implied VOC of B-BSF cell wafers passivated with Al-doped SOG and 
with ALD Al2O3 at various process steps, and J0 of the passivated B-BSF used in the 
cell wafers. The J0 data is taken from Figure 7.12. 
 
 
However, Implied VOC measurements (Figure 7.13) on un-metallized cell wafers did 
not to agree with the J0 measurements. Improvements in J0 ought to correspond to higher 
Implied VOC values; however, the Al2O3-passivated cell samples failed to show much 
improvement in after annealing and SiNX capping showing Implied VOCs ~20mV lower 
than Al-doped SOG passivated samples fabricated in the same run. The reason for the 
discrepancy between the two measurements is not known. The Al2O3-passivated J0 
samples were fabricated in the same run as the cell samples, so run-to-run variability does 






















Figure 7.14 Saturation current densities, J0, of the cell B-BSF with thermal SiO2, 
SiNX and SiO2/SiNX stack passivation. 
SiNX only 
 
7.3.2 Thermal SiO2/SiNX Stacks
In the initial passivation studies, both thermal oxide (SiO2) and PECVD silicon 
nitride (SiNX) were considered and discarded – thermal SiO2 passivation was found to be 
unstable through a firing cycle while SiNX passivation resulted in extremely high J0 
values (Figure 7.2). However, a SiO2/SiNX stack behaved differently from either 
dielectric alone (Figure 7.14).   
While capping the thin (~140 Å) oxide layer with SiNX results in a large increase in J0, 
the passivation quality is still significantly better than SiNX passivation alone. As both the 
stack and the SiNX alone have approximately the same charge density (~1x1012 cm-2), 
this suggests that a low quality Si/SiNX interface is responsible for the high J0 values 
measured on SiNX-passivated p+-Si surfaces. For the SiO2/SiNX stack, damage to the 
Si/SiO2 interface during the PECVD process may be responsible for the increase in J0 
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after SiNX-capping. This issue is explored further in Section 7.4.2. Firing the oxide/SiNX 
stack results in almost complete recovery of the passivation quality – the J0 after firing is 
only ~1.1x higher than that achieved with thermal SiO2 passivation alone. As the positive 
charge density of the fired stack (~1x1012 cm-2) is about an order to magnitude higher 
than that of the SiO2 (~1x1011 cm-2), the post-firing recovery suggests that the positive 
charge only has a small impact on the passivation quality of the B-BSF used here. This 
further re-enforces the view that the poor passivation quality of SiNX on heavily boron-
doped surfaces is due to a low-quality interface, and not due to the high positive charge 
density. This experimental determination also agrees with the simulation results of 
Altermatt et al. which reached the same conclusion [104].  
Using Equation 7.2, the J0 of the fired stack converts to an Sp/p+ value of ~170 cm/s 
which is only slightly better than the cell-level target of 200 cm/s. This sets a very tight 
limit on the allowable area coverage of the rear metal contacts as discussed in Section 7.5. 
 
 
7.4 Cell-Specific Passivation Studies on Textured Surfaces 
 
As noted in Chapter 4, several authors have reported that the recombination velocity 
at the textured p+-Si/thermal SiO2 interface is 5-10x higher than on a planar p+ surface 
with J0 values showing similar degradation after texturing [52, 106, 102]. This suggests 
that achieving a 20% efficient cell with a BSRV of 200 cm/s requires that the B-BSF 
surface be planar. However, achieving single-side texturing of a wafer typically adds one 
or more steps to the fabrication sequence thereby increasing processing cost. Single-side 
texturing usually involves either: 1) masking of one side of the wafer before texturing 
followed by removal of the mask layer or 2) double-side texturing, followed by one-side 
masking and etch back of the un-masked textured side of the wafer. Since avoiding these 
steps would simplify the fabrication process, the passivation quality of the Al-doped SOG 
and the oxide/SiNX stack were also examined on textured J0 samples. Other than being 
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textured on both sides, these samples were processed identically to the planar J0 samples 
discussed in the previous section.  
 
7.4.1 Al-doped SOG  
With Al-doped SOG passivation, the J0 values for the textured samples are 5–6x 
higher than on the counterpart planar wafers, with values as high as 900 fA/cm2 being 
recorded. The degraded passivation is also reflected in Implied VOC measurements, with 
double-side textured, precursor cell wafers having Implied VOCs of around 640 mV; 
approximately 20 mV lower than the Implied VOCs on planar B-BSF wafers that were 
processed simultaneously. The fact that these un-metallized, double-side textured B-BSF 
samples exhibited VOCs similar to that of metallized Al-BSF cells suggests that if the Al-
doped SOG is to be used as the rear passivating dielectric of a 20% B-BSF cell, the rear 
surface must be planar. Note that non-uniformity in the B-BSF is not a likely cause if the 
high J0 values as the spin-on boric acid source was found to result in a fairly uniform 
boron doped layer that follows the contours of the pyramid texture (See Chapter 4).  
 
7.4.2 Thermal SiO2/SiNX Stacks 
The J0 data shown in Figure 7.15 compares the response of textured and planar boron 
diffused surfaces at various process steps (the planar data is the same as that in Figure 
7.14). With thermal-SiO2 passivation alone, the J0 of the textured p+ surface is four to five 
times higher than on the counterpart planar surface. As noted at the start of this section, 
such a large increase in J0 is in good agreement with previous literature reports and is also 
similar to the increase observed with Al-doped SOG passivation. The most striking 
difference between the planar and textured cases is in their response to a PECVD SiNX 
deposition step – on planar p+ surfaces, SiNX-capping increases J0 but reduces it on 
identically processed textured p+ surfaces. The behavior of the two surfaces after a short 















Textured p+: Ox + FGA + SiN + Firing
Textured  p+: Ox + SiN + Firing
Planar p+
 
Figure 7.15 Saturation current density, J0, of textured boron diffused surfaces at 
various process steps. 
 
On the planar surfaces, hydrogenation from the ~400°C FGA has nearly no effect on 
J0 which suggests that the as-grown p+-Si/SiO2 interface has relatively few dangling 
bonds (or other sites) available for passivation by H-atoms. Therefore, hydrogenation 
during a ~400°C PECVD SiNX deposition is also unlikely to improve the J0 of the 
thermal SiO2-passivated planar p+ samples; instead the negative effect of plasma-induced 
damage can be expected to dominate. The observed increase in J0 after SiNX capping 
matches the expected behavior. While the higher positive charge density in the SiO2/SiNX 
stack (compared to thermal SiO2) can also increase J0, the full recovery of the planar J0 
after firing (which does not change the dielectric charge) suggests that the increase in 
dielectric charge is not responsible the large increase in J0 observed after SiNX deposition. 
Unlike the planar case, the textured SiO2-passivated samples show a small reduction 
in J0 after the FGA step. The increased sensitivity to hydrogenation exhibited by the 
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textured samples can be explained by assuming that (unlike the planar case) the SiO2-
passivated, textured p+ surface has a significant density of unsatisfied dangling bonds 
which can be H-terminated. This is a plausible explanation as {111} oriented textured 
surfaces have a larger dangling bond density than the {100} surface of the planar wafers. 
A similar increase in sensitivity to hydrogenation is also observed when n+-Si surfaces 
are textured [53]. This excess availability of un-satisfied dangling bonds offers a possible 
explanation for why SiNX deposition reduces the J0 of the textured p+ surface, i.e. the 
increase in surface defect density due to plasma-damage is outweighed by the competing 
reduction in surface defects by in-situ hydrogenation of dangling bonds at the textured 
p+-Si/SiO2 interface. It is worth stressing however that the experimental results plotted in 
Figure 7.15 simply show the net effect of all the processes that occur simultaneously 
during a PECVD step and more work is needed to conclusively separate out the impact of 
the competing hydrogenation and plasma-damage processes. 
A short firing step results in large improvements in surface passivation on both the 
planar and textured surfaces. The textured samples show a fourfold reduction in J0, while 
the planar samples experience a smaller factor of 2.5 improvement in J0. Potential 
explanations for the improvement include the release of hydrogen from the SiNX layer 
and thermal annealing of surface defects – both have been shown to occur during firing 
[134, 135].  On the planar samples, this hydrogenation/annealing effect appears to fully 
heal the plasma-induced damage caused by the PECVD step. The magnified effect of 
firing on textured surfaces is perhaps due to the excess dangling bonds on the textured 
surface not being completely satisfied by PECVD hydrogenation. As a large amount of 
hydrogen is released from SiNX during firing, these remaining dangling bonds can be H-
passivated by the firing step in addition to the healing of plasma-induced damage. After 
firing, both the planar and textured SiO2/SiNX passivated samples have nearly identical J0 
values of ~150 fA/cm2. Furthermore, the fired SiO2/SiNX stack provides nearly identical 




















Figure 7.16 Comparison of the J0 of textured boron and phosphorous diffused 
surfaces at various process steps. 
 
 
cells fabricated in this work (Figure 7.16). As noted earlier in Figures 3.1 and 7.4, both 
the emitter and BSF have similar surface concentrations of ~7x1019 cm−3 and ~5x1019 
cm−3 respectively.  
Although the ~1.7x increase in surface area due to texturing might be expected to 
result in J0,textured being at least 1.7x higher than J0,planar, this effect is suppressed for well 
passivated, heavily doped emitters as recombination within the emitter starts to dominate 
J0. This effect holds for both p+ and n+ emitters and similar results (i.e., J0,textured ≈ J0,planar) 
have been reported for SiO2-passivated n+-Si emitters with surface concentrations similar 
to our samples [53], [136]. The stability of the fired stack was also tracked over time and 
found to be stable on both planar and textured surfaces (Figure 7.17). These results 






















Figure 7.17 Stability of fired thermal SiO2/SiNX stacks over time. 
 
 
B-BSF cells to be achieved even if the rear surface is textured. However, it will be shown 
in Chapter 8 that this passivation process can lead to contamination and lifetime 
degradation of the Si substrate, which led to the use of the Al-doped SOG on a planar B-
BSF for cell fabrication. 
 
7.5 Effect of Passivation Quality on the Rear Contact Pattern 
 
The discussion in the previous sections show that the Al-doped SOG, ALD Al2O3 and 
fired thermal SiO2/SiNX stacks all beat the Sp/p+ of 200 cm/s targeted for a 20% efficient 
SP B-BSF cell. However, the 200 cm/s value is the target that needs to be met after 
metallization. Since the passivation quality before metallization is now known, it is 
possible to estimate the maximum allowable rear metal fraction using  
dielectricdielectricmetalmetalp SfSfS ** +=
+                     (6.1) 
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where fmetal and fdielectric are the area fractions of the metal contacts and dielectric 
passivated regions respectively and Smetal and Sdielectric refer to Sp+ under the metallized 
and passivated regions respectively. Using PC1D and the measured SIMS profile of the 
B-BSF chosen for cell fabrication (Figure 7.4), it was found that the Sp/p+ of 200 cm/s 
corresponds to an Sp+ of ~40,000 cm/s. The Sp+ values achieved with the various 
dielectrics was similarly extracted and plugged into Equation 6.1, assuming SMetal of 
1x106 cm/s.  
 
Table 7.2 Recombination velocity, Sp+, at the dielectric/p+ interface and the 
maximum allowable metal fraction for achieving an effective Sp/p+ of 200 cm/s. 
 Sp+ or SDielectric 
(cm/s) 
Max. Allowable 
Rear Metal Fraction 
(%) 
Surface Type 
Al-doped SOG 17,000 2.5 Planar 
Thermal SiO2 22,000 2.0 Planar 
Thermal SiO2/SiNX 18900 2.5 Planar/Textured 
ALD Al2O3 6800 3.5 Planar 
 
The results, summarized in Table 7.2, show that even with the best passivation 
achieved in this work (Al2O3), the rear metal fraction needs to be ≤ 4%. Such a low limit 
to the maximum allowable metal fraction implies that the rear SP contacts should be 
point contacts instead of grid-line contacts. Therefore, the B-BSF cells fabricated in this 








In this chapter, the passivation quality of four dielectric materials – an Al-doped spin-
on glass, atomic layer deposited Al2O3, thermal SiO2 and thermal SiO2/SiNX stacks – 
were examined. Figure 7.18 summarizes the J0 achieved with each on the ~45 Ω/sq B-
BSF that will be used for cell fabrication. Of particular note are the results obtained with 
Al2O3 and fired SiO2/SiNX stacks. On planar surfaces, Al2O3 offers the best passivation 
by a fair margin; however, implied VOC measurements showed lower VOCs than those 
achieved with the Al-doped SOG. The fired SiO2/SiNX stack is also attractive as it 
provides good passivation on textured surfaces, which suggests that it may be possible to 
achieve a 20% efficient B-BSF cell even if the rear surface is textured. Compared to 
passivation with thermal SiO2 alone or the Al-doped SOG which perform poorly on 
textured surfaces, SiO2/SiNX passivation would simplify fabrication by allowing double- 























Figure 7.18 Summary of passivation results on the cell B-BSF. While the thermal 
SiO2 passivation is thermally unstable, the as-grown results are shown for 
completeness.   
20% target 
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the passivation method that is used must be able to maintain bulk lifetimes high enough 
to achieve 20% efficient cells. It is shown in Chapter 8 that the SiO2/SiNX passivation 
method can severely degrade the bulk lifetime. This led to the use of the Al-doped SOG 




BULK LIFETIME DEGRADATION DUE TO BORON DIFFUSION AND 




In Chapter 6, computer modeling highlighted BSRV improvements as a way of going 
beyond the efficiency of a baseline Al-BSF cell. However, that modeling assumed that a 
B-BSF cell would have the same bulk lifetime (~ 450 µs) as an Al-BSF cell. As discussed 
previously in the literature review of Chapter 4, this is not a safe assumption for 
processes that involve boron diffusion. As seen in Figure 8.1, very low lifetimes have 
been reported in the past for every type of boron diffusion source.  
For improvements in BSRV to have a large impact on cell efficiency, the bulk 
minority carrier lifetime has to be high enough for the photogenerated carriers to ‘see’ the 
rear surface. If bulk lifetimes are too low then, regardless of the BSRV, photogenerated 
carriers near the rear surface of the cell will recombine in the bulk before they can reach 
























Figure 8.1 Bulk minority carrier lifetimes on p-type and n-type FZ Si wafers after 


















19% Al-BSF cell (PC1D fit)
20% B-BSF (PC1D model)
Figure 8.2 Modeled impact of bulk lifetime on the efficiency of the baseline 18.9% 
Al-BSF cell and a hypothetical 20% cell, both on 300 µm thick Si substrates. The 
dash-dot line shows the lifetime threshold for achieving 20% efficiency. 
 
This effect was quantified by varying (in PC1D) the bulk lifetime of a conventional 
full Al-BSF cell (18.9%) and of a 20% efficient cell which features improved BSRV and 
BSR (the details of both models were presented earlier in Chapter 3). Both devices are 
300 µm thick. The results, plotted in Figure 8.2, show that while bulk lifetime affects the 
efficiency of both devices, the higher efficiency cell is considerably more sensitive to 
lifetime degradation. When the bulk lifetime is swept from 1 ms to 20 µs, the modeled 
efficiency of the 20% cell drops by 2% (abs.), while the Al-BSF cell loses just 1% (abs.). 
The modeling also shows that efficiency of the well-passivated cell drops below 20% for 
lifetimes under 300 µs. At a lifetime 50 µs, its efficiency becomes lower than that of the 
baseline full Al-BSF cell presented in Chapter 3 which has a bulk lifetime of ~450 µs. 
This is a realistic prospect, especially for cheaper sources like spin-on dopants which 
have historically resulted in very low lifetimes (Figure 8.1). In Chapter 5, the spin-on 
boric acid/DI water sources that were developed as part of this research were shown to be 
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versatile candidates for low-cost boron diffusion. In this chapter, the impact of this source 
on bulk lifetime is examined. 
 
8.1 Experimental Method for Tracking Bulk Lifetime and  
Identifying the Cause of Degradations in Bulk Lifetime 
 
While bulk lifetime degradations in processes involving boron diffusion have been 
widely reported, the cause of the degradations is not fully understood. When a given 
process is found to cause lifetime degradation, it is important to identify the mechanism 
behind that degradation so that a cure for it can be developed. This chapter investigates 
the cause of bulk lifetime degradations associated with spin-on boric acid diffusions, by 
tracking bulk lifetime through various process steps while simultaneously looking for the 
lifetime signatures the most common suspects – Fe contamination and dislocation 
generation during boron diffusion. 
Float-zone (FZ) Si wafers of 0.6-1.4 Ω-cm resistivity were used for this study. The 
lifetime of the wafers was measured after every step of the cell process – boron BSF 
diffusion, POCl3 emitter diffusion and surface passivation. The lifetime measurements 
were performed using the QSS-PC method after etching away all surface layers plus ~5-
10 µm of each wafer surface [51]. The etched wafers were then cleaned and passivated 
with an I2/Methanol solution prior to QSS-PC measurement [139]. From measurements 
on cleaned but otherwise unprocessed FZ wafers, it was determined that the I2/Methanol 







                                              (8.1) 
where τeff is the measured lifetime and τbulk was taken to be the Auger-limited lifetime 
reported by Kerr [54]. As the surface recombination velocities are very low, the effective  
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Table 8.1 Summary of recombination characteristics for interstitial iron (Fei) and 
the iron-boron complex (FeB). The trap-level and capture-cross-section for Fei are 
taken from Ref. 142 and those for FeB from Ref. 143. n1 and p1 are calculated using 
ni = 8.6x109 (25°C) based on ni = 1x1010 cm-3 (300K) [30].  
Fe State Trap Level 
(ET in eV) 








Fei Ev + 0.38 4x10-14 6.95x10-17 9.6x106 1.3x1013




lifetime of samples with I2/Methanol passivation can be regarded as the true ‘bulk 
lifetime’, i.e. τeff ~ τbulk. The QSS-PC method was also used to detect the presence of Fe 
and/or dislocations as outlined below [86, 140, 141]. 
 
8.1.1 Detection of Iron in Boron Doped Silicon using QSS-PC Lifetime 
Measurements 
 
The concept behind the detection of Fe from injection-level dependant (ILD) lifetime 
measurements was developed by Zoth and Bergholz for the surface photovoltage method, 
which was then adapted for the QSS-PC method by Macdonald et al. [140, 141]. Both 
methods rely on the fact that Fe in boron-doped Si can be cycled between two states. In 
the dark, Fe exists as a FeB complex. But energy from heat or illumination (such as the 
flash illumination used during QSS-PC lifetime measurements) can dissociate the FeB 
pairs leaving Fe in its interstitial form (Fei). The two states have very different trap levels 
and capture cross-sections (Table 8.1) which results in markedly different ILD lifetime 
curves being measured before and after FeB dissociation. 
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As previously discussed in Chapter 2, the carrier lifetime in Si due to a recombination 
center can be described by SRH statistics. For p-type silicon with a dopant concentration 








)()( 1010 τττ                          (8.2) 
where the symbols have their usual definitions (see Chapter 2). Under low-level injection 









ττ .                                     (8.3) 
As Fei is a deep trap (Table 8.1), n1 « ∆n for the range of injection levels under 
consideration with the QSS-PC method (∆n > 1x1013 cm-3). In addition, the large 
electron/hole capture cross-section asymmetry means that τn0 « τp0. Therefore, for Fei, 









τ .                                              (8.4) 
The strong dependence of the Fei-dominated lifetime on the injection level (∆n) is 
apparent in Equation 8.4. For FeB, which is a shallower trap with a much smaller capture 
cross-section asymmetry, the same simplifications cannot be made and Equation 8.3 must 
be used to calculate the FeB-limited lifetime.  
For a Fe concentration of 5x1011 cm-3 and wafer resistivity of 0.6 Ω-cm (NA ~ 
2.6x1016 cm-3), the FeB and Fei lifetime curves are plotted in Figure 8.3 using the 
simplified equations 8.3 and 8.4, along with the curves obtained using the full SRH 
equation (Equation 8.2). The signature of Fe contamination of boron-doped Si is 
immediately apparent, namely the appearance of strong injection-level dependence after 
dissociation of the FeB pair and a cross-over point. The position of this cross-over point 
can be used to distinguish Fe contamination from other impurities which may also 




















Simplified T-SRH: FeB (Eq. 8.3)
Simplified T-SRH: Fei (Eq. 8.4)
Full T-SRH: FeB (Eq. 8.2)




Figure 8.3 Calculated FeB-limited and Fei-limited lifetime curves for 0.6 Ω-cm Si 
with Fe concentration level of 5x1011 cm-3. 
 
Experimentally, dissociation of FeB pairs in this work was achieved by repeatedly 
flashing the QSS-PC tester’s lamp till the measured lifetime was saturated (each flash 
dissociates a fraction of the total FeB concentration). At this point, complete dissociation 
was assumed. Once the ‘dark’ FeB-dominated and the ‘light-soaked’ Fei-dominated 
curves are obtained experimentally, the Fe concentration, [Fe], can be extracted from the 













11][                                           (8.5) 
Values for the pre-factor C for a range of injection levels were obtained by Macdonald 
[141]. Figure 8.4 shows the experimentally obtained FeB and Fei curves for one boric 



















Dark - FeB dominated lifetime
Light Soaked - Fei dominated lifetime
∝ [Fe] = 4.3x1011 cm-3
 
Figure 8.4 ILD lifetime curves of a boric acid-diffused sample before and after light-
soaking. The inset shows the Fe concentration calculated for this sample. 
 
diffusion using the boric acid/DI H2O spin-source does result in iron contamination. For 
the 0.6-1.4 Ω-cm wafers used in this work, the cross-over point for Fe-contaminated Si 
has been found by various authors to lie in the range of 1x1014 cm-3 to 4x1014 cm-3 [143, 
145-147]. In this work, the cross-over points lie in the range of 1.2x1014 cm-3 to 3x1014 
cm-3 indicating that Fe is the most likely contaminant in our samples. The detection limit 
of this method is ~ 1x1010 atoms/cm-3. 
 
8.1.2 Suitability of Iodine/Methanol Passivation for Fe Detection 
The lifetime that is measured on passivated samples is an effective lifetime which 






                              (8.6) 
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The 2S/L term comes from surface recombination of the symmetrically passivated 
sample and the 1/τX term is due to all other SRH recombination pathways which may be 
present in addition to recombination due to Fe. Therefore, the method of extracting the Fe 
concentration in Si from the difference of the inverse effective lifetimes (Equation 8.5) is 
valid only when recombination due to Fe is the only recombination pathway that changes 
due to light- soaking (or the contribution of the other pathways is comparatively small).  
Past studies using the lifetime method of Fe detection have used SiN passivation which is 
thought to be stable over time [143, 145-147]. In contrast, this work uses I2/Methanol 
solutions for passivation. While preparing these solutions is more convenient and less-
time consuming that doing a double-side SiN deposition, I2/Methanol passivation is 
known to be unstable over time [139]. This raises the concern that changes in S during 
light-soaking will affect the extraction of [Fe]. This concern was tested (Figure 8.5) using 























1hr in Dark + Light Soaking
[Fe] = 2.8x1010 cm-3











Figure 8.5 Impact of the degradation of I2/Methanol passivation over time on the 
extraction of Fe concentration from QSS-PC effective lifetime measurements. 
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sensitive to changes in the surface passivation quality. The sample was passivated with 
I2/Methanol and measured before and after light-soaking. This sample was then allowed 
to sit in the dark for 1 hr. (during which Fe and B re-pair) after which the light-soaking 
and lifetime measurements were repeated. Figure 8.5 shows the resulting curves and the 
corresponding Fe concentrations that were extracted. While the passivation quality does 
degrade over time, its impact on the computed Fe concentration is fairly small even for 
such low levels of Fe contamination. On more heavily contaminated samples 
([Fe]~4x1011 cm-3), a longer 3 hr. delay resulted in only a 25% error in the extracted Fe 
concentration. Since the typical light-soaking time in the measurements here was ~10 
minutes, the change in I2/Methanol’s passivation quality over time has a negligible 
impact on the results. 
 
8.1.3 Detection of Dislocations in Silicon using QSS-PC Lifetime Measurements  
Interestingly, the ILD lifetime signature for the dislocation networks that form for 
heavy boron diffusions is the same as that for Fei, i.e. a strong injection level dependence 
in the lifetime curve [86]. However, if dislocations are the cause of lifetime degradation, 
the ILD in the lifetime curve should exist without any need for light-soaking. None of the 
boric acid diffused samples studied here showed strong ILD in their ‘dark’ lifetime 
curves which suggests that dislocation generation was minimal or insignificant. This 
conclusion is bolstered by the report of Gaisenau et al. who found a threshold range of 
time-temperature conditions below which dislocations did not form (Figure 8.6) [91]. As 
the boron diffusion condition chosen for cell fabrication here (the dot in Figure 8.6) falls 
below this range of threshold conditions, dislocations are not expected to be present 





Figure 8.6 The solid line shows the combinations of boron diffusion time and 
temperature beyond which the generation of misfit dislocations occurs (figure taken 
from Ref. 91). The dot shows the time/temperature combination for the boron 
diffusion process used in this work for cell fabrication (see Chapter 6). 
 
 
8.2 Tracking and Understanding of Process-Induced Iron Contamination and 
Gettering 
 
The discussion in the prior section clearly shows that the boric-acid/DI H2O source 
used in this work can result in Fe contamination of Si wafers. In this section, the change 
in Fe contamination levels during various cell processing steps is tracked. The process 
sequence involves boric acid diffusion in N2 ambient at 1000°C for ~20 minutes, 
followed by POCl3 diffusion+drive-in at ~870°C for ~40 minutes and finally an 
oxidation/passivation step at 900°C for 25 minutes (10 min. oxidation followed by a 15 
min. N2 anneal). The boron diffused side was protected with a spin-on diffusion mask 
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during POCl3 diffusion and the BSG//PSG were etched in buffered HF before the final 
oxidation. 
Figure 8.7 shows that immediately after boron diffusion, the average lifetime of the 
Fz Si wafers used in this study is ~500 µs which is more than sufficient for achieving 
high efficiencies on the 300 µm thick substrates used here (see Figure 8.2). While this 
average lifetime value is perhaps the highest reported for a spin-on boron source and 
comparable to lifetimes reported for BBr3 diffusions (Figure 8.1), there is a very wide 
spread (~50 µs - 800 µs) in the bulk lifetime. This corresponds to a more than one order 
of magnitude variation in the Fe concentration as also shown in Figure 8.7. As noted in 
Figure 8.2, at the low-end of this lifetime distribution, the well-passivated 20%-capable 
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Figure 8.7 Minority carrier bulk lifetimes on FZ Si substrates after various cell 
processing steps. The dashed line shows the average starting lifetime of cleaned, 
unprocessed wafers. The data in bolded italics is the Fe concentrations extracted 
from lifetime measurements at each step.  
Initial Lifetime
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POCl3 diffusion is well known to be very effective at gettering Fe from the Si bulk 
[87, 148] and was therefore expected to help recover the loss in lifetime experienced due 
to the boron diffusion step. However, the results here indicate that the gettering effect is 
more complex. POCl3-diffusion improved lifetimes only for those samples that had very 
low lifetimes (and therefore, the highest bulk Fe concentrations) after the boron diffusion. 
This can be seen in Figure 8.6 by comparing the low end of the lifetime error bars. But on 
average, lifetimes dropped after POCl3 diffusion. The lifetime situation becomes even 
worse after the thermal oxidation/surface passivation step with lifetimes below 100 µs 
and [Fe] > 1x1011 cm-3. 
One explanation for this trend is that each subsequent high-temperature step exposes 
the samples to more and more Fe from the furnaces; however, this theory would not 
explain the degradation in lifetime after POCl3 diffusion as the ‘self-gettering’ nature of 
the process should prevent additional Fe from being introduced to the samples.  
An alternate explanation is that the wafers are originally contaminated with Fe during 
the boron diffusion step, but that most of this Fe is trapped in/gettered into the boron 
diffused layer only to be injected into the bulk during the subsequent high-temperature 
steps. This is plausible, as boron diffusion is known to getter Fe from pre-contaminated 
wafers [149, 150]. The question then arises – if Fe is being injected into the bulk, why is 
POCl3-gettering unable to remove it? There are two potential explanations for this effect: 
1. The injection of Fe into the bulk during the POCl3 diffusion is a slow, gradual 
process resulting in the gettered bulk Fe being continually replenished by Fe 
leaking from the p+ layer. A similar theory has previously been proposed for 
multicrystalline Si, with the grain-boundaries serving as the constant source of Fe 
during a POCl3 diffusion process [151]. The theory that the p+ layer is not 
emptied of Fe during the short, industrial-type POCl3 process that is used here is 
supported by the fact that the oxidation step after POCl3 diffusion releases, on 
average, even more Fe into the bulk.  
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2. An alternate explanation is that the presence of the boron diffused layer somehow 
interferes with gettering by the n+ layer on the other side of the wafer. 
 
If the first theory is correct, then injecting Fe from the p+ layer to the bulk before 
POCl3 diffusion should result in strong gettering. Experimentally, this is exactly what 
was observed. By performing an oxidation step immediately after the boron diffusion, Fe 
can be strongly driven out of the p+ layer and into the wafer bulk as shown in Figure 8.8. 
Once the Fe is in the wafer bulk, POCl3 gettering is able to completely remove Fe from 
the sample and bulk lifetime rises back to above 1 ms. This data supports the first theory 
and also shows that the presence of the p+ layer does not hinder POCl3-gettering. Note 




















Figure 8.8 Minority carrier bulk lifetimes showing the effect of a pre-POCl3 
oxidation on the Fe gettering ability of POCl3-diffusion. The dashed line shows the 
average starting lifetime of the wafers. The data in bolded italics is the Fe 
concentrations extracted from lifetime measurements at each step.  
< 1e10 cm-32e11 – 8e11cm-3< 1e10 – 5e11cm-3
Initial Lifetime
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It remains unclear why the injection is much stronger during oxidation than during 
POCl3 diffusion. The lower temperature of the POCl3 diffusion (870°C vs. 900 °C for the 
oxidation) is unlikely to be the cause. Over the 40 minute diffusion/drive-in step, the 
diffusivity (D) of Fei at 850°C (~9x10-7 cm2/s) corresponds in an average diffusion length 
(L = τD4 ) for Fe of ~900 µm or three times the thickness of the 300 µm wafers used 
for this study [87, 131]. One possibility is that the amount of oxygen in the ambient 
determines the effectiveness of the Fe injection process. Using BN solid sources, Ohe et 
al. had also reported that anneals after a boron diffusion degraded bulk lifetimes with 
anneals in N2 resulting in much smaller lifetime degradation than O2 anneals [85]. The 
relatively small amount of oxygen in the ambient of a typical POCl3 process may slow 
the injection of Fe into the bulk during a POCl3 diffusion step. The POCl3 process used 
here had just ~5% (vol.) O2 in the ambient. Though the work of Ohe et al. made no 
attempts to detect Fe, the authors did speculate that Fe is gettered/segregated into the p+ 
layer during boron diffusion and then re-injected into the bulk during subsequent high 
temperature anneals. The simultaneous tracking of lifetime and Fe in this study provides 
experimental confirmation of their speculation. Lifetime degradations due to oxidation 
performed after a BBr3 diffusion step have also been reported which suggests that the Fe-
injection phenomenon is not limited to a specific boron source [71, 148].  
 
8.2.1 Dielectric-based Gettering of Fe 
Since performing an oxidation before POCl3 diffusion allows POCl3 gettering to 
remove Fe from the wafers, any surface passivation process can be used without running 
the risk of injecting more Fe from the p+ layer. However, the need to have an additional 
high-temperature Fe-injection step lengthens the cell process sequence. It would be 
advantageous if process-induced Fe gettering could instead to be rolled into the 
passivation step. Therefore, the gettering characteristics of the two passivating spin-on 
glasses (SOGs) studied in Chapter 7 (a pure-SiO2 SOG and an Al-doped SOG) were 
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examined. As in the passivation study, both dielectrics were annealed at the same 
condition used for growing the thermal oxide. 
Figure 8.9 shows that after passivating the B-BSF with the spin-on SiO2, the bulk 
lifetime and the corresponding bulk Fe concentration are almost identical to the values 
obtained with thermal SiO2 passivation indicating that neither the thermal nor the spin-on 
SiO2 layer performs any Fe gettering. However, after passivation with the Al-doped SOG, 
no Fe was detected in the bulk and the bulk lifetime showed complete recovery. For the 
process-flow used in Figure 8.9 (i.e. boron diffusion, followed by POCl3 diffusion and 
then oxidation), some of the Fe in the wafer is likely being gettered by the POCl3-
diffusion step. To see the Al-doped SOG alone could getter the Fe introduced by the 
boron diffusion step, test wafers were boron diffused and oxidized (ex-situ) to inject Fe 
into the wafer bulk.  
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Figure 8.9 Minority carrier bulk lifetimes of n+/p/p+ silicon wafers after passivation 
of the B-BSF with various dielectrics. The inset shows the structure being 
passivated/gettered. In all cases, the front n+ side gets oxide passivated in the same 


















Figure 8.10 Minority carrier bulk lifetimes of Fe-contaminated p/p+ silicon wafers 
after passivation of the B-BSF with various dielectrics. The inset shows the structure 
being passivated/gettered. In both cases, the front side gets oxide passivated in the 
same step as the rear passivation. 








At this step, the average bulk lifetime and Fe concentration was ~30 µs and 4.2x1011 
cm-3 respectively (measured on sacrificial wafers). The oxide layer was then stripped in 
HF and the boron-diffused surface was re-passivated with either the spin-on SiO2 or the 
Al-doped SOG. The results in Figure 8.10 clearly show that the gettering by the Al-doped 
SOG alone is strong enough to reduce the bulk Fe concentration to below the detection 
limit (~1x1010 cm-3) of the QSS-PC method.  
Note that all of the samples used for the passivation/gettering experiments thus far 
have had a pre-existing boron diffused layer. Gettering of bulk Fe to pre-existing boron 
diffused layers has previously been shown by Joge et al. and Terakawa et al. using 600°C 
anneals [149, 150]. Complete lifetime recovery was reported after a 2.25 hr [149] long 
anneal. However, the fact that neither the thermal oxide layer nor the spin-on SOG 
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manages to remove Fe from the bulk suggests that gettering to the pre-existing p+ layer is 
ineffective during the short, higher temperature anneal that is used here to cure the Al-
doped SOG (~25 minutes at 900°C with the full process cycle lasting ~60 minutes). This, 
in turn, suggests that the lifetime recovery observed with the Al-doped SOG (Figure 
8.10) can be entirely attributed to gettering by the Al-doped SOG.  
In order to further examine if Fe is being co-gettered by the pre-existing p+-Si layer 
and the Al-doped SOG, additional samples were created. As before, the samples were 
boron diffused and oxidized to inject Fe into the bulk which resulted in bulk Fe 
concentration was ~6x1011 cm-3 (measured on a sacrificial wafer). But before attempting 
to getter the Fe from these samples, the boron diffused layer was removed by etching 
away ~5 µm from each surface. These etched wafers were then passivated with: 1) a re-
grown thermal oxide, or 2) the spin-on SiO2 or 3) the Al-doped SOG. The spin-on 
dielectrics were applied to the same side that was boron diffused. The final structure of 
these samples is shown in Figure 8.11. Some control samples in the same run were 
gettered using the Al-doped SOG without etching off the p+ layer (i.e. the structure in 
Figure 8.10). The results (Figure 8.11) show that gettering by the Al-doped SOG is able 
to remove > 98% of the bulk Fe even when no boron-diffused Si layer exists underneath 
it. However, unlike the control samples (which had the p+ layer intact during the 
passivation/gettering step), a small amount (≤ 2x10 cm-3) was detected in the bulk which 
suggests that some gettering to the pre-existing p+-Si surface does occur in the short, 
900°C oxidation cycle. However, this gettering is far too weak to have a significant effect 





















Figure 8.11 Minority carrier bulk lifetimes of Fe-contaminated p-type silicon wafers 
after passivation of one side with various dielectrics. The inset shows the structure 
being passivated/gettered. In all cases, the other side of the wafer gets oxide 
passivated in the same step. 







8.2.2 Mechanism for Fe gettering by Al-doped SOG 
As Al-BSF formation is known to getter Fe from the bulk [87], the Al-doped SOG 
was spun onto undiffused FZ wafers and annealed. No change was observed in the sheet 
resistance of the wafers which indicates that there is little to no Al-BSF formation to 
explain the gettering effect.  The lack of Al-Si alloying is further supported by surface 
secondary ion mass spectroscopy (Surface SIMS) data of an Al-doped SOG passivated Si 
wafer (note that the SOG was removed in HF before the measurement). The results in 
Figure 8.12 show that the surface Al concentration of ~1x1017 cm-3 after passivation with 
the Al-doped SOG is: 1) similar to the background Al contamination in our processing 






















Al-doped SOG passivated surface
'Clean' control wafer
 
Figure 8.12. Surface SIMS measurement of Al at the surface of a wafer passivated 
with the Al-doped SOG and at the surface of a ‘clean’ control wafer. 
 
 
not processed), and 2) an order of magnitude lower than the ~4x1018 cm-3 solubility of Al 
in Si at 900°C [10]. Therefore, both the sheet resistance and SIMS measurements suggest 
that Fe gettering exhibited by the Al-doped SOG cannot be explained by Al-BSF 
formation. An alternate explanation lies in the dielectric charge. As noted in Chapter 7, 
the cured Al-doped SiO2 exhibits a negative charge density of ~1x1012 cm-2 while both 
the thermal and the spin-on SiO2 exhibit a small positive charge. Shimizu et al. have 
previously shown that treating the surface of Si wafers with Al(NO3)3 prior to growing a 
thermal oxide results in the formation of an oxide layer with a negative charge  [152, 
153]. They argued that Al replaces some Si atoms in the SiO2 network resulting in the 
formation of an (AlOSi)- complex. Similarly, the bonding of Al with oxygen at the 
interfacial SiO2 layer that is formed during deposition of Al2O3 is thought to be the 
source of the high negative charge density of Al2O3 [154]. It is therefore plausible that a 
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similar negatively charged complex forms during the oxygen annealing of the Al-doped 
SiO2-based SOG. Further, the correlation between the charge polarity of the passivating 
dielectric and its Fe gettering ability suggests that electrostatic attraction between a 
negatively charged complex in the Al-doped SOG and the positively charged interstitial 
Fe may be responsible for the observed gettering effect of the Al-doped SiO2. Note that 
electrostatic attraction is also the driving force for the pairing of Fei with negatively 
charged boron ions in p-type Si [87]. 
 
8.2.3 The Source of Fe Contamination 
In order to determine where the Fe detected in this study comes from, the background 
contamination from cleaning, handling and the furnaces was measured by sending FZ 
wafers through the entire process sequence but without depositing any dopants or 
dielectrics on the wafers. Note that none of these ‘dummy’ wafers were put into the 
POCl3 furnace to avoid ‘auto-doping’ and gettering by the furnace. From this, the 
background Fe contamination was found to be ≤ 2e10 cm-3 after the boron diffusion 
thermal cycle, which rises to ≤ 5.5e10 cm-3 after both the boron and oxidation thermal 
cycles – both are about an order of magnitude lower than the Fe contamination levels 
detected on the boron diffused and oxidized samples. While this demonstrates that Fe 
does exist in the processing environment, the boric acid source used in this work may 
also be a source of Fe since it is only certified to be ~99.999% pure on a metals basis by 
the manufacturers [124, 125]. It is difficult to establish if the much-higher-than-
background levels of Fe detected in the wafers after boron diffusion and oxidation is 
primarily due to contamination from the boric acid source or due to the boron layer 
strongly ‘gettering’ the background Fe (i.e. removing Fe from the ambient and 
accumulating it in the wafer).  
The level of Fe contamination on boron diffused and oxidized was also fairly 
consistent (~2x1011 – 8x1011 cm-3) during the ~3 year period of this study. The larger 
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variation in bulk Fe concentrations observed directly after boron diffusions and after a 
subsequent POCl3 diffusion (see Figure 8.7) is possibly due to variability in the fraction 
of the trapped Fe that is injected into the bulk. The reason for this variation is currently 
not known. The boric acid solution used in this work is not a likely source of the variation, 
as similar variation was seen even when the same batch of solution was used. 
Additionally, all the solutions were agitated for 3 minutes prior to use which would have 
homogenized any Fe in the solution. All tweezers and pipettes used for handling the 
wafers and dispensing the solution were also cleaned in a 2:1:1 DI H2O/H2O2/HCl 
solution immediately before use to remove trace metals. 
 
8.2.4 The Sink for Fe 
While the lifetime measurements clearly show that the Al-doped SOG provides 
strong gettering of bulk Fe, it is unclear if the gettered Fe remains in Si at the Si/Al-doped 
SOG interface or if it leaves the Si substrate. To try and answer this question, Surface 
SIMS measurements (detection limit ~ 5x1015 cm-3) were performed on samples which 
were boron diffused to introduce Fe into the wafer and then oxidized to drive the Fe into 
the bulk. After this oxidation step, the bulk Fe concentration was ~1x1012 cm-3 as 
measured on sacrificial wafers. The remaining wafers were deglazed in HF and then 
gettered with the Al-doped SOG. The Al-doped SOG was then stripped in HF before the 
SIMS measurement.  
The results (Figure 8.13) showed that the surface Fe level on an Al-doped SOG 
gettered wafer is very similar to the background surface-Fe contamination as measured 
on a control wafer. The control wafers were simply cleaned and went through no further 
processing. Immediately before packaging and shipping, both the control and gettered 
wafers were simultaneously subjected to an HF dip and DI water rinse and were handled 
using the same materials (beakers, chemicals, tweezers and carriers). This was done so 
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Figure 8.13 Surface SIMS measurement of Fe on a Fe-contaminated wafer after 
gettering with the Al-doped SOG and on a ‘clean’ control wafer. 
 
 
as possible (note that the same procedure was used for the Al Surface SIMS 
measurements shown in Figure 8.12). The measurements were repeated twice on samples 
prepared over 1 year apart and similar results were obtained on both occasions. 
Due to the significant background contamination, it is unclear if: 1) the gettered Fe 
remains in Si at concentrations below the background contamination level or 2) it leaves 
the Si substrate and goes into the dielectric. Note that if all the bulk Fe (~1x1012 cm-) in 
the 300 µm thick wafer was gettered to a 100 Å thick surface layer, it would result in an 
average surface Fe concentration of ~3x1016 cm-3 (as shown with the dotted lines in 
Figure 8.13) which is about three time higher than the background contamination. This 
suggests that if the gettered Fe remains in Si, the gettering site is > 100 Å thick. This, 
however, is not a definitive conclusion and further work is required to narrow down the 
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final location of the gettered Fe, i.e. is it in a > 100 Å thick Si surface layer or does it 




The spin-on boric acid/DI H2O source developed in this work provides the highest 
average post-diffusion lifetime reported for spin-on sources. However, the large spread in 
the post-diffusion lifetime distribution prompted an experimental study into the lifetime 
degradation mechanism. The results show that Fe introduced during boron diffusion can 
get trapped in the boron diffused layer and released into the substrate during subsequent 
high-temperature steps. We have also shown that POCl3 gettering of the trapped Fe is in-
effective unless the Fe is first injected into the bulk from the boron doped layer via an 
oxidation step. The search for methods to reverse the boron diffusion-induced lifetime 
loss also led to the discovery of an Al-doped spin-on glass that can simultaneously getter 
Fe and passivate a p+-Si surface in a short oxygen anneal step (Chapter 7). A comparison 
study of various SiO2/SiO2-based materials found a correlation between the charge 
polarity in the passivating dielectric and its gettering ability – only the negatively charged 
Al-doped SOG exhibited a gettering effect. This suggests that the gettering occurs due to 
electrostatic interaction between the negatively-charged dielectric and positively charged 
Fei+ ions though further studies are required to confirm this and to identify where the 
gettered Fe ends up. 
Since the passivation studies of Chapter 7 and the Fe studies presented in this chapter 
show that the Al-doped SOG provides sufficiently high-quality passivation and gettering 
on a planar p+ surface to obtain a 20% efficient B-BSF cell, an Al-doped SOG passivated, 










In Chapters 5-8, various pieces of the targeted 20% efficient B-BSF cell (Figure 9.1) 
were successfully developed – the boron diffusion profile/diffusion condition (Chapters 5 
and 6), the cell structure and passivation scheme (planar, passivated B-BSF with point 
contacts – Chapter 7), and a cell process sequence that achieves high bulk lifetimes 
(Chapter 8). This chapter deals with the last remaining piece – finding a back surface 
reflector (BSR) material that meets the optical requirements for a 20% efficient cell (95% 
reflectance and 100% diffusivity) and is also conductive enough to serve as the electrical 


















Point Contacts BSR 
 
Figure 9.1 Cross-section of B-BSF cell fabricated in this work. 
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9.1 The Role of Back Surface Reflectors in Solar Cells 
 
As discussed in Chapter 2, BSRs are commonly used in Si solar cells because they 
result in light making at least two passes through the cell. This enhances absorption in the 
long-wavelength portion of the AM1.5 spectrum where Si absorbs poorly (see Figure 
2.13) [43]. Diffuse BSRs are especially advantageous as they promote light-trapping via 
total internal reflections of light within the cell. For Lambertian reflectors, these effects 
result in a path length enhancement of 4n2, where n is the index of refraction of the 
absorbing substrate. For Si cells (n = 3.52), the path length enhancement due to a 
Lambertian reflector is ~50 [49]. This enhancement limit takes into account the fact that 
even when light is reflected by a perfectly diffuse reflector, ~8% of it falls within a loss 
cone and is ‘effectively specular’ since it does not meet the critical angle (θc) required for 












Figure 9.2 Ray diagram illustrating light-trapping by diffuse rear reflector and 
escape of light within the loss-cone. 
 
The impact of a BSR is greater for thinner cells as they absorb less light in a single 
pass. Since reducing the wafer thickness is important for cost reduction (see Figure 1.10), 
a highly reflective BSR is an important part of a high-efficiency cell design. While thick 
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wafer-based cells are the focus of this thesis, BSRs are also an important component of 
high-efficiency thin-film solar cells [155].  On such devices, various reflector schemes – 
textured dielectric layers, metal or dielectric/metal reflector stacks, ordered gratings, 
reflective pigment-loaded dielectrics and even commercially available white paint – have 
been researched [156-160]. The use of textured conductive oxides (TCOs) as the BSR is 
advantageous because a single layer can serve as the rear passivation layer, the rear 
electrical contact, and the BSR. However, the surface roughness of textured TCO layers 
has been associated with losses in VOC and FF [161, 162, 163]. Additionally, these layers 
are a source of absorption losses, require index matching for optimal coupling of light 
into the cell and their light scattering ability decreases for longer wavelengths [157]. The 
diffuse reflectance of ordered grating structures is similarly wavelength dependent [158]. 
Pigmented diffuse reflectors such as white paint and pigment loaded dielectric layers 
have superior diffuse reflectance characteristics, but provide neither passivation nor 
conductivity [159, 160]. This work examines a third scheme where diffuse reflectance 
and electrical conductivity are combined in a single layer, leaving rear surface 




Five BSR materials – evaporated Al, evaporated Ag, SP Al Paste, a SP fritless Ag 
paste and a brushed-on Ag colloid – were evaluated. The optical characteristics of each 
material were evaluated by depositing them on to one side of FZ Si wafers. In order to 
minimize light absorption by the wafers and light scattering at the wafer surfaces, the 
wafers were ‘shiny-etched’ down to a thickness of ~200 µm using a HNO3:CH3COOH:HF 
solution and coated on one side with the various BSR materials. The total hemispherical 
reflectance of the samples was then measured from the bare (uncoated) side. This 
simulates the operation of a solar cell where light will impinge on the BSR only after it 














Shiny-etched Silicon Wafer 
BSR 
(metal or dielectric/metal stack)
Integrating Sphere 
Detector (plugged into top of 
sphere) 
Diffuse White Standard 
 
Figure 9.3 Top-down view of the integrating sphere setup used for characterizing 
the reflectance characteristics of various BSR materials. 
 
 
was measured using an Optronic Laboratories OL 750 spectroradiometric measurement 
system with an integrating sphere. This setup is illustrated in Figure 9.3. 
In order to separate out the specular reflectance and diffuse reflectance of a sample, 
two measurements were performed on each sample – a total reflectance measurement and 
a diffuse reflectance measurement. For the latter, a specular ‘light trap’ was installed in 
the integrating sphere. Since this light trap absorbs nearly all light that falls within the 
loss cone, when the light trap is installed, only light that is diffusely reflected by the 
sample is measured.  From these measurements – the reflectance (RB) and the scattering 
fraction (β – i.e. the fraction of incident light that is scattered by the sample instead of 
being reflected specularly) of each material were calculated. Only wavelengths greater 
than 800 nm were examined in this study as shorter wavelengths (which are strongly 
absorbed by Si) will be almost completely absorbed by the substrate before reaching the 
BSR [44]. Both RB and β were calculated at a wavelength of 1300 nm. This wavelength 
was chosen to minimize the effect of absorption by the Si substrate. β was calculated by 
simply taking the ratio of the diffuse and total reflectances at 1300 nm. For diffuse 









=                               (9.1) 
where RT is the measured total reflectance, Rfe is the reflectance of silicon (~34 %) and 
Rfi (the internal reflectance at the planar front Si surface assuming a Lambertian rear 
surface) is 92% [50]. For specular BSRs (β ≈ 0), RB ≈ RT for long-wavelengths since 
nearly all light reflected by the BSR falls within the loss cone and thus escapes from the 
front surface after just once bounce [164].  
Since the B-BSF cells in this work are passivated with a spin-on dielectric (the Al-
doped SOG – see chapters 7 and 8 for details), the BSR for the cell is a dielectric/metal 
stack. Therefore, the reflectance measurements and RB/β calculations were repeated with 
one side of the test wafers being coated with the Al-doped SOG and the metals being 
deposited on top of the SOG. 
 
9.3 BSR Characterization 
 
Figures 9.4 and 9.5 show the measured total reflectance (dashed line) and diffuse 
reflectance (points) curves for samples with evaporated Ag and the Ag colloid as the BSR. 
The Ag colloid BSR was sintered for 5 minutes at 400°C for reasons that will be 
discussed later in this section. The total escape reflectance (solid line in Figures 9.4 and 
9.5) is the measured total reflectance curve (which is the sum of diffuse and specular 
reflections from both the front and rear surface of the test wafer) shifted down by ~34% 
(the reflectance of the bare front Si surface). The resulting curve is the (diffuse + 
specular) reflectance of only the rear, BSR coated surface. Since the shiny-etched front 
side of the samples has nearly zero diffuse reflectance (Figures 9.4), only scattering by 
the BSR contributes to the measured diffuse reflectance. Figure 9.4 clearly shows that the 
evaporated Ag BSR has nearly zero diffuse reflectance, which indicates that it is a 
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Figure 9.4 Reflectance curves of shiny-etched Si wafers with an evaporated silver 























 Figure 9.5 Reflectance curves of shiny-etched Si wafers with a sintered silver colloid 
reflector on the rear side. 
Total Reflectance 
Total Escape Reflectance 
Diffuse Escape Reflectance 
-34% 
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colloid BSR is highly diffuse. Using each of the 5 metals, RB and β values were extracted 
for both metal-only BSRs and Al-doped SOG/metal stack BSRs using the methods 
outlined in Section 9.2. The results summarized in Table 9.1 show that when applied 
directly onto the Si substrate: 
1. The experimentally extracted RB of 60% for the SP Al BSR is in close agreement 
with literature values that were determined via modeling [56, 60-62]. All of the 
other BSR materials have RB close to or greater than the target of 95%. 
2. All of highly reflective BSRs fail to match the 100% diffuse reflectance 
characteristic of the SP Al BSR. That said, the SP Ag paste and the Ag colloid 
BSR show appreciable scattering with the latter being ~90% diffuse. In contrast, 
the evaporated Ag and Al BSRs are nearly perfectly specular reflectors. 
 
Table 9.1. Reflectance (RB) and scattering fraction (β) of various BSRs. 
BSR On Si On Al-doped SOG 
 RB (%) β (%) RB (%) β (%) 
Evaporated Al 91.6 5.0 95.1 4.1 
Evaporated Ag 92.9 2.7 98.1 4.6 
Ag Colloid (Room Temp. Dry) 96.0 85.6 95.7 77.1 
Ag Colloid (sintered at 400 °C) 97.4 89.4 98.1 68.9 
SP Ag Paste  (sintered at 600 °C) 98.7 84.2 99.5 45.2 
Al-BSF 60.0 100.0 - - 
 
 
When applied onto the Al-doped SOG to form a dielectric/metal stack BSR: 
1. Reflectance increases for the BSR materials. The sintered Ag Colloid/SOG stack  
and SP Ag/SOG stacks are particularly promising with RB > 98%. 
2. When the light-scattering metals are deposited on top of the SOG, the scattering 
fraction of the resulting stack is significantly reduced compared to the metal-only 
BSRs. The Ag colloid/SOG stacks achieves the highest diffusivities of ~70% 
which is far below the goal of 100%.  
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Introducing a dielectric between the Si substrate and the metal reflector reduces the 
scattering fraction because an additional reflective interface now exists – the Si/dielectric 
interface. Specular reflection at this interface reduces the amount of light reaching the 
light-scattering BSR thereby reducing the effective β of the stack. The specular nature of 
reflection at the Si/SOG interface was confirmed by measuring the total and diffuse 
reflectance of a sample with only an Al-doped SOG BSR as shown in Figure 9.6. The 
non-zero escape reflectance of this sample proves that reflectance does occur at the 
Si/SOG and the SOG/air interfaces (reflection also occurs at the latter interface since 
light will propagate through the ~800 Å thickness of the SiO2 layer). The near zero 
diffuse reflectance (Figure 9.6) confirms that nearly all of the reflection at these 




























Total Escape Reflectance 
Diffuse Escape Reflectance 
-34% 
Figure 9.6 Reflectance curves of shiny-etched Si wafers with a layer of cured Al-
doped SOG on the rear side. The inset shows the structure under test. 
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While none of the BSRs studied here achieve the desired optical characteristics (RB = 
95% and β = 100%), the Ag colloid BSR has the best combination of reflectance and 
scattering fraction (Table 9.1). Therefore, the Ag colloid will serve as the BSR for the 
cells fabricated in this study. The following sections examine the optical and electrical 
characteristics of this material in more detail.  
 
9.3.1 Effect of Sintering on Reflectance and Adhesion Characteristics 
The sintering of the diffuse BSRs – the SP Ag paste and the Ag colloid – was 
performed in order to simulate the cell processing sequence which includes an FGA step 
after contact firing in order to reduce the contact resistance of the front Ag contacts. Even 
though the FGA is performed at 400°C, the fritless silver paste was sintered at a higher 
temperature (600°C – see Table 9.1) as it had poor adhesion to the substrate after being 
sintered at 400°C and could easily be peeled off using tweezers. In contrast, the Ag 
colloid film cannot be easily removed after sintering at 400 °C and cannot be dissolved in 
deionized water, acetone, methanol, or isopropyl alcohol. To test the adhesion strength of 
the sintered Ag colloid film to bare Si and to the Al-doped SOG, a ‘tape test’ was 
performed in which adhesive tape was pressed onto the Ag colloid film and then ripped 
off. The adhesion between the substrate (both bare and SOG passivated) and the Ag 
colloid was strong enough that ripping the tape off often resulted in wafer breakage but 
resulted in zero to negligible removal of the colloid layer (as determined via visual 
inspection). 
Although a temperature of 400°C can be easily tolerated by crystalline silicon, 
alternate materials such as amorphous silicon (a-Si) degrade at such high temperatures. 
As a-Si is a common absorber material in thin-film solar cells and is also a promising 
passivating layer for wafer-based Si solar cells (see Chapter 4 – Section 4.3) [123, 155], 
the reflectance characteristics of the Ag colloid BSR were also determined after drying it 
for ~5 minutes at room temperature (~ 23°C). Not sintering the colloid film results in RB 
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and β values that are only slightly lower (Table 9.1). Though sintering has a fairly small 
impact on the reflectance characteristics of the Ag colloid BSR, the following section 
shows that the physical structure of the sintered and un-sintered Ag Colloid layers are 
very different and that this difference has a large effect on the electrical resistivity of the 
films. The robustness of the un-sintered film is similar to that of the sintered film in that it 
cannot be easily scraped off; however, it readily dissolves in acetone.  
 
9.4 Detailed Characterization of the Ag Colloid Reflector 
 
9.4.1 Light Scattering Mechanism 
SEM images of the un-sintered Ag Colloid shows that it consists of discrete, 
microscopic Ag flakes randomly stacked on top of another (Figure 9.7). This creates an 
optically ‘rough’ interface and results in a high degree of diffuse reflectance as noted in 
Table 9.1. After sintering however, the structure of the colloid layer is significantly 
different. The cross section in Figures 9.8 and 9.9 show that, after sintering, the film is a 
continuous network of sintered silver particles that is filled with air voids. This void-
filled structure extends through the entire thickness of the film. From SEM imaging of 
several samples, the average thickness of the Ag colloid films was found to be 6-8 µm. 
The porous nature of the film means that the film is held to the substrate by only a few 
anchor-points. As noted in the previous section (9.3.1) these are sufficient to firmly hold 
the film to either Si or the Al-doped SOG used in this thesis for rear surface passivation. 
However, cleaving wafers for preparing SEM samples sometimes resulted in these 
anchor-points separating from the substrate. Figure 9.10 shows that even the under-side 
of the anchor points has air-voids. 
The dimensions of the voids vary significantly across the film (as seen in Figures 9.8 
through 9.10) with the widths of the voids ranging from ~0.3-9 µm. As the sintered silver 






Figure 9.7. SEM image showing cross section of un-sintered Ag colloid film on silicon. Each 
particle is a discrete silver flake. 
 
 0.5 µm 0.94 µm 
5.1 µm 
Si 
Figure 9.8 SEM image of the sintered Ag colloid showing the network of voids that extend 






















Figure 9.10 Close-up of the sintered Ag colloid showing voids in the under-side of 
the anchor-points which form the contact between the sintered colloid film and the 
substrate. 
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from the SEM images. This was instead calculated using 
AgColloidAgAir xx ρρρ =−+ )1(                                   (9.1) 
where x is the void fraction, and ρAir, ρAg are, respectively, the known densities of air (1.2 
kg/m3 at sea level) and silver (10.5 g/cm3).  ρAgColloid is the density of the sintered silver 
colloid which was calculated from volume and weight measurements of sintered Ag 
colloid layers deposited on Si samples. From Eq. 9.1, the void fraction of the sintered 
colloid film was found to be 29-50 %. The spread in the calculated void fraction is 
primarily a result of uncertainty in the thickness of the deposited films (which as noted 
earlier is largely in the range of 6-8 µm) and variation in the void fraction from sample to 
sample. 
The structure of the sintered Ag colloid film is very similar to that of packed/sintered 
polytetrafluroethylene (PTFE) materials, which are widely used for integrated sphere 
coatings (including the system used in this work), diffuse white standards, and laser 
cavities. These materials are amongst the most perfect diffuse reflectors known and their 
Lambertian reflectance characteristic is thought to be due to their porous structure which 
results in multiple reflections occurring within the first few micrometers from the surface 
[166, 167]. A commercially available version of sintered PTFE (sold under the brand 
name ‘Spectralon’) from Labsphere Inc. was reported to achieve optimum Lambertian 
reflectance properties at a void fraction of 30–50% [168].  
The structural similarities between the sintered silver colloid film and the well-
characterized PTFE reflectors suggest that the sintered silver colloid film should also be a 
highly diffuse reflector. This theory was tested using the reflectance setup previously 
described except that the reflectance sample was flipped so that light was incident 
directly on the Ag colloid BSR (as opposed to first passing through the Si substrate as in 
the prior measurements). Figure 9.11 shows the total (solid line) and the diffuse (points) 
reflectance curves for the silver colloid. From 300 to 1400 nm, the diffuse and total 
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reflectance curves almost perfectly overlap each other, confirming the hypothesis that the 
sintered silver colloid film is a highly diffuse reflector. Over the measured wavelength 
range, the average β value was 99.6%. For wavelengths less than 500 nm, the reflectance 
drops below 90%; this is a feature of silver and is not specific to the colloid used in this 
work and was also observed with evaporated Ag layers. It should be noted that 
Lambertian reflectance refers specifically to the case where the intensity of the reflected 
light is the same in all directions. The Lambertian nature of the Ag colloid’s reflectance 
was not experimentally determined due to the measurement setup used in this work not 
being designed for angle-dependant measurements. However, the structural similarities 
between the sintered Ag colloid films and packed/sintered PTFE reflectors suggest that 
























Total reflectance of sintered Ag Colloid
Diffuse reflectance of sintered Ag Colloid
Figure 9.11 Total and diffuse reflectance curves of the sintered silver colloid 
reflector in air illustrating highly diffuse reflectance. The inset shows the structure 
under test. 
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Though the air-voids in the sintered Ag colloid film make it a close-to-ideal diffuse 
reflector in air, they are also responsible for the scattering fraction (β) of a sintered Ag 
colloid BSR being less than 99.6% (Table 9.1). This is a result of the fact that when a 
Lambertian BSR is applied to a Si substrate, the angular distribution of light inside the 
silicon layer will not be Lambertian if a refractive index step exists at the BSR/silicon 
interface. This is because the index step focuses the angular distribution of light 
according to Snell’s law, 
)(.)(. SiSiBSRBSR SinnSinn θθ =                                                      (9.2) 
where nBSR and nSi (= 3.5 @ λ = 1300 nm) are the refractive indices of the BSR and Si, 
respectively, and θBSR and θSi are the angles of incidence and refraction, respectively [44]. 
Such focusing of scattered light does occur with the sintered Ag colloid BSR due to the 
large refractive index step at the air-void/Si interface as depicted in Figure 9.11. This 
focusing effect brings an increased fraction of the reflected light within the loss cone and 









 Air voids in Ag Colloid 
reflector (n=1) 
 
Figure 9.12 Ray-diagram illustrating the reduction in light-trapping caused by 
variation in refractive index at the Si/Ag Colloid rear interface. 
 
 
9.4.2 Electrical Resistivity 
Though the change in physical structure after sintering has only a modest impact on 
the reflectance characteristics of the Ag colloid, it has an acute effect on electrical 
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resistivity. The electrical resistivity of the BSR is an important parameter as the cell 
structure in Figure 9.1 calls for the BSR to be part of the rear electrical contact. To 
examine if the Ag colloid is suitable for this role, its electrical resistivity and those of 
various SP pastes were determined by measuring the resistance (R) across a thin strip of 
the materials. The resistivity (ρ) was then determined using the well known relation   
A
LR .ρ=                                                          (9.3) 
where L and A are the length and cross-sectional area of the conductive strips, 
respectively. The Ag colloid strips were deposited on a SiNX coated Si wafer; the 
insulating SiNX layer prevents current flow through the Si substrate from affecting the 
measurement. The resistivity of two commercial SP Al pastes and two SP Ag pastes was 
also similarly determined. 
All of the pastes were printed on Si substrates and fired at ~750°C to mimic the 
typical conditions that SP pastes are subjected to during solar cell manufacturing. Figure 























Figure 9.13 Resistivity of the Ag colloid film as a function of annealing temperature 
and ambient. The upper (red) and lower (blue) shaded bars show the resistivity 
range of several fired SP Al-BSF and Ag pastes, respectively. 
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results in a fairly high electrical resistivity. However, this resistivity is only marginally 
higher than that of a fired SP Al layer which suggests that even the un-sintered film may 
be a suitable interconnect material for the rear point contacts. The continuous network of 
Ag formed after sintering results in a large reduction in resistivity. After a 400°C anneal, 
the resistivity of the Ag colloid is similar to that of the fired SP pastes. The sintered Ag 
colloid is used for the cells fabricated in this work (Chapter 10) since a 400°C forming 




Electrical and optical studies were undertaken in order to find an electrically 
conductive reflector which is 95% reflective and 100% diffuse. Though none of the 
materials examined here – evaporated Ag, evaporated Al, a SP Ag paste and an Ag 
colloid film – satisfy all the requirements, the Ag colloid film comes the closest. With 
room-temperature processing alone, the Ag colloid BSR provides a high diffuse 
reflectance as well as electrical resistivity that is similar to that of a fired SP Al layer. 
After sintering at 400°C, the physical structure of the colloid film changes in a way that 
lowers electrical resistivity while maintaining the superior reflectance characteristics. 
When deposited directly on Si, the sintered Ag colloid has a reflectance (RB) of ~97% 
and scattering fraction (β) of ~89%. When used as part of a dielectric/metal stack, the Al-
doped SOG/Ag colloid stack exhibits RB and β of ~98% and 69% respectively.  
Compared to a fritless SP Ag paste that was also studied, the Ag colloid exhibited 
superior adhesion to both Si and a passivating SiO2-based dielectric with either room 
temperature drying or a 400°C sintering step. On the basis of these results, the Ag colloid 
film was chosen as the BSR/rear interconnect material for the 20% efficiency SP B-BSF 
solar cell that is the goal of this work. The wavelength-independent nature of the Ag 
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colloid’s diffuse reflectance also makes it applicable to very thin cells which may not 





FABRICATION AND CHARACTERIZATION OF 20% EFFICIENT                 
BORON DIFFUSED SOLAR CELLS 
 
 
The overall goal of this thesis was to fabricate 20% efficient screen-printed cells. The 
screen-printed cell results that are presented in this chapter are a culmination of the 
development work towards that goal as summarized below.  
1. Chapter 3: The first step towards a 20% efficient screen-printed (SP) cell was the 
fabrication and analysis of a baseline 18.9% SP Al-BSF cell. PC1D modeling was 
then used to identify a set of improvements to the Al-BSF cell which could 
increase the efficiency from 18.9% to 20%. The modeling predicted that 
improving BSRV from 600 cm/s to 200 cm/s and RB from 70% to 95% would 
result in 20% efficient cells with no changes made to the front-side of the baseline 
Al-BSF cell. A boron back surface field (B-BSF) cell structure was selected as the 
method for realizing these BSRV and RB targets. 
 
2. Chapters 4 and 5: In these chapters, it was experimentally demonstrated that 
water-based, spin-on solutions of boric acid are viable boron diffusion sources. 
Using boric acid solutions of different concentrations, BSFs/emitters of varying 
depths and surface concentrations were successfully formed by controlling the 
process time and temperature. Due to their promising performance, and their low-
cost and non-toxic nature, the water-based, boric acid solutions were selected as 
the boron source for fabricating 20% efficient solar cells.   
 
3. Chapter 6: The modeling work in Chapter 3 had set 200 cm/s as the BSRV target 
for achieving 20% efficient cells. In this chapter, a combination of experimental 
and modeling work showed that achieving this BSRV value with a diffused B-
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BSF while maintaining the same throughput as the baseline full Al-BSF cell 
process (i.e. all process cycles must last ≤ 90 minutes) requires a passivated, 
shallow (electrically transparent) B-BSF. Based on the throughput requirement, 
the boron diffusion process used for cell fabrication was selected; this chosen 
process results in a shallow, ~1 µm deep B-BSF.  
 
4. Chapter 7: Based on the findings in the previous chapters, various passivation 
methods – thermal SiO2, PECVD SiNX, a spin-on SiO2, an Al-doped SOG, ALD 
Al2O3 and thermal SiO2/PECVD SiNX stacks – were investigated in this chapter 
on both planar and textured boron diffused Si surfaces. Two of these – the Al-
doped SOG and a fired thermal SiO2/PECVD SiNX stack – were identified as the 
most promising candidates for passivating the shallow B-BSF selected in Chapter 
6. The former was found to provide high quality passivation on only planar p+ 
surfaces, while the latter provides passivation of similar quality on both planar 
and textured p+ surfaces. In addition, area-average calculations showed that in 
order to meet the target BSRV of 200 cm/s with these passivating dielectrics and 
the shallow B-BSF profile, the rear SP contacts need to be point contacts with an 
area coverage of ~2.5%. 
 
5. Chapter 8: A study into Fe contamination and gettering led to the selection of the 
Al-doped SOG as the rear passivating dielectric for the B-BSF cells fabricated in 
this thesis. This choice was a consequence of the finding that, of the various 
passivation methods explored in this work, only the Al-doped SOG can 
simultaneously passivate the p+ surface and getter Fe from the wafer thereby 
ensuring that bulk lifetimes remain high enough (≥ 300 µs) to achieve 20% 
efficient cells. Since the passivation studies in Chapter 7 showed that the Al-
doped SOG provides adequate passivation on planar, but not on textured, p+ 
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surfaces, the use of the Al-doped SOG for Fe gettering forces the rear B-BSF to 
be planar in order to maintain a low BSRV. 
 
6. Chapter 9: This chapter focused on the development of the final piece needed for 
fabricating 20% efficient cells – an electrically conductive BSR material with 
95% reflectance (RB) and diffusivity (β) of 100%. While none of the BSR 
materials explored in this chapter met both the RB and the β requirements 
simultaneously, a painted-on Ag colloid was chosen for cell fabrication because it 
came closest to meeting both targets. It was found that a 400°C sintered Al-doped 
SOG/Ag colloid stack has a RB of ~98% and β of ~70%. The sintered Ag colloid 
also exhibited electrical resistivity similar to that of fired SP Ag pastes which 
allows it to be used as the electrical interconnect for the rear point contacts.    
 
All of the above findings were then integrated into the process sequence shown in Figure 
10.1. Since each step of the process in Figure 10.1 was designed to meet the target BSRV 
and RB values of 200 cm/s and 95% (diffuse) respectively, successful integration of these 
steps should result in 20% efficient SP cells. 
 
10.1 Process Sequence for 20% B-BSF Solar Cells 
 
The process sequence begins with single-side texturing of 4” circular wafers followed 
by cleaning to remove organic and metallic residues. The cleaning involves an HF dip to 
remove the native oxide on the wafers, followed by cleaning in 2:1:1 H2O:H2O2:H2SO4 
and 2:1:1 H2O:H2O2:HCl solutions to remove organics and trace metals respectively. An 
HF dip and DI water rinse is performed between the organic and metal cleans, followed 
by a final HF dip and DI water rinse. The wafers are then dipped once more in the H2SO4 
solution to grow a thin chemical oxide layer which makes the surface hydrophilic, 





































Wafer Texturing and Cleaning 
Spin-coat Diffusion Blocker on BSF 
Oxidation 
Isolation 
Apply Ag Reflector + FGA 
Front/Rear Screen Print + Co-Fire 
Front-side PECVD SiNX 
Al-doped SOG spin-coating 
Strip PSG/BSG in HF 
POCl3 Emitter Diffusion  
Strip BSG + Blocker in HF 
B-BSF Diffusion (back-to-back in one slot) 
Boric Acid (rear side) + Diffusion Blocker (front side) spin-coating 
Figure 10.1 Process sequence for SP, passivated, B-BSF solar cell. 
 
 
One out of every two wafers is then spin-coated on one side with a 1% boric acid/DI 
water source followed by spin-on coating of the Al-doped SOG on the opposite side to 
serve as a diffusion blocker. The coated wafers are directly loaded into a quartz furnace 
using the back-to-back two-wafers-in-one-slot method (one wafer coated with boric acid, 
the other un-coated) discussed in Chapter 4 and diffused at 1000°C for ~20 minutes.  
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At the end of the boron diffusion cycle, the wafers are removed from the furnace, 
separated and subjected to an HF dip to remove the borosilicate glass (BSG) and 
diffusion blocker. The B-BSF side of the wafer remains hydrophilic after the HF dip 
which suggests the presence of a boron rich layer (BRL) [92] which is not readily etched 
by HF. After a DI water rinse, the boron diffused side of the wafers is spin-coated with 
the Al-doped SOG which prevents counter-doping during the POCl3 diffusion step that 
creates the front emitter. After spin-coating, the wafers are directly transferred to a POCl3 
diffusion furnace and diffused. Note that on a few samples, the pure spin-on SiO2 
examined in Chapter 7 was also used as the diffusion blocker both for the boron diffusion 
and the POCl3 diffusion steps. Both spin-on dielectrics blocked cross-diffusion equally 
well and the choice of diffusion blocker made no difference in the cell results. 
After POCl3 diffusion, the wafers go through another HF dip to remove the 
phosphosilicate and borosilicate glasses. After this second HF dip, the B-BSF side 
becomes hydrophobic which suggests that BRL gets converted to a BSG during the 
POCl3 cycle [75, 83]. The B-BSF side is then re-coated with the Al-doped SOG which 
will now serve as the rear passivating dielectric. The SOG is cured in a quartz furnace at 
900°C for ~25 minutes (10 min. in O2 ambient followed by a 15 min. N2 anneal). The 
front emitter-side of the wafers are passivated with a thin (~150 Å) layer of thermal SiO2 
in the same step.  After this step, the sheet resistance of the B-BSF is ~40-45 Ω/sq. and 
that of the emitter is ~70-80 Ω/sq. After capping the front oxide layer with a PECVD 
SiNX layer, the wafers are ready for screen-printing. 
A point-contact pattern with area coverage ~2% is printed on to the rear side of the 
wafers using an Ag/Al paste from Ferro Corp. (Ferro 3398). Printing on the front side is 
done using a screen that defines a set of nine 4cm2 cells on the 4” wafers. The front 
gridlines are printed using an Ag paste from from Heraeus (H8969). The wafers are then 
co-fired in an RTP furnace during which the Ag paste and the Ag/Al paste punch through 
the front SiO2/SiNX stack and the rear Al-doped SOG respectively and form a contact to 
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the underlying Si. Note that a belt furnace can also be used for firing – a few wafers were 
fired using a belt furnace and similar results were obtained with both belt and RTP firing. 
The rear point contacts are then interconnected by applying the Ag colloid with a brush 
followed by a ~15 min. forming gas anneal at 400°C. This step reduces the front contact 
resistance and sinters the Ag colloid. The width of the front contacts at this point is ~120 
µm. The resulting cell structure is shown in Figure 10.2. 
To electrically isolate the 9 cells on each wafer, the wafers are spin-coated on both 
sides with a protective layer of photoresist followed by dicing saw isolation of the 9 cells. 
The dicing saw isolation electrically separates the cells as it cuts through the p-n junction. 
The wafers are then immersed in a Si etching solution to remove the damage caused by  
the dicing saw. The photoresist protects the active cell area during the etch after which it 
is removed in acetone. Without this damage etch step, the cells exhibit a high ideality (n) 
factor which lowers the fill-factor (FF) and cell efficiency. All the cells in this thesis, 




















Point Contacts  
Figure 10.2 Schematic of the B-BSF cells fabricated in this study. 
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10.2 P-type Cell I-V Data: Results and Analysis 
 
10.2.1 First Generation B-BSF cell 
 The cell fabrication process described above resulted in an independently confirmed 
cell efficiency of ~20% (Figure 10.3) with an open-circuit voltage (VOC) of 647 mV, a 
short-circuit current density (JSC) of 39.22 mA/cm2 and a fill-factor (FF) of 78.6 % (Fig. 
36). This achievement suggests that the various pieces of the cell developed in Chapters 
4-9 (described in the previous section) were successfully integrated.  
 In order to confirm this, a PC1D fit was made to the measured IQE, reflectance and I-
V characteristics of the 20% efficient B-BSF cell (Figure 10.4 and Table 10.1). As with 
the fit made to the baseline Al- BSF cell (Chapter 3), the measured series resistance, 
shunt resistance, front reflectance, J02 and n2 (extracted from a two-diode fit to the dark I-
V curve of the cell) were provided as inputs to PC1D. The measured bulk lifetime on cell 
wafers that went through the same processing steps was 400-1000 µs. This demonstrates, 
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Figure 10.4 PC1D fits to the measured IQE and reflectance characteristics of a 20% 




Table 10.1 NREL Verified I-V data of 20% efficient 4cm2 B-BSF cell and simulated 
I-V data from a PC1D fit to the same cell. The cell was measured with an aperture 
mask of area 3.802 cm2. 
 η (%) VOC (mV) JSC (mA/cm2) FF (%) 
Measured 
(NREL) 
19.95 647.0 39.222 78.6 
PC1D 
(simulated) 




the low end of the measured lifetimes, the diffusion length is over 1000 µm or greater 
than three times the wafer thickness. The large spread in the cell lifetimes possibly comes 
from imperfect etching and surface preparation prior to passivation of the etched cell 
wafers with iodine/methanol. The PC1D fit in Figure 10.4 assumes a bulk lifetime of 450 
µs as this is the value used for the baseline Al-BSF model and for the modeled 20% cell 
that was the target of this thesis (Chapter 3). The FSRV, BSRV and RB parameters in 
PC1D were then varied till a ‘best fit’ to the cell was obtained.  The simple optical model 
in PC1D supports just perfectly specular and Lambertian (i.e. perfectly diffuse) 
reflectance; the Lambertian option was selected for modeling even though the rear 
dielectric/Ag colloid reflector stack is just ~70% diffuse as discussed in Chapter 9. The 
quality of the resulting fit to the measured IQE and reflectance curves is shown in Figure 
10.4 while the accuracy of the I-V fit is shown in Table 10.1 
As clearly seen in Figure 10.4, the short-wavelength IQE response and the modeled 
FSRV of the B-BSF cell are unchanged from that of the 18.9% baseline Al-BSF cell due 
to the fact that the front sides of both cell structures are identically processed. In contrast, 
the long wavelength IQE response (which is affected by bulk lifetime and BSRV) and 
escape reflectance (which affects the IQE and reflectance curves at wavelengths > 1000 
nm) are significantly higher due to the improved the BSRV and RB of the passivated B-
BSF cell.  
Quantitatively, the values of BSRV (210 cm/s) and RB (93% diffuse) extracted for 
this device are very close to the values of 200 cm/s and 95% diffuse that the PC1D 
modeling in Chapter 3 predicted were required to achieve 20% efficient cells. As noted 
earlier, the measured bulk lifetimes for B-BSF cells varied from 400-1000 µs; over this 
range of bulk lifetimes, the ‘best fit’ BSRV varies from 200-250 cm/s which is still in 
good agreement with the initial PC1D modeling in Chapter 3. The cell results validate the 
modeling and confirm that the various elements of this device that were developed in 
Chapters 4-9 were successfully integrated into a single process sequence.  
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The fact that the FF of this cell (0.786) is very similar to that of the 18.9% full Al-
BSF cell that served as the baseline for this work confirms that the electrical conductivity 
of the Ag colloid BSR which interconnects the rear point-contacts is sufficient for high 
efficiency cells.   
 
10.2.2 Second Generation B-BSF cell 
In the first generation process, the boron diffusion step was performed with two 
wafers loaded back-to-back in each slot of the diffusion boat (Figure 10.1). After this step, 
the wafers were separated and sent through the subsequent POCl3 diffusion and surface 
passivation steps with only one wafer per slot. In the second generation process however, 
the wafers were not separated immediately after boron diffusion. They were instead kept 
together through the post-diffusion HF dip as well as through the subsequent POCl3 
diffusion step (no diffusion blocker was used). The wafers were separated only after this 
step in order to etch the PSG/BSG in buffered HF. Unlike in the first generation process, 
the B-BSF side was found to remain hydrophilic after this HF dip which suggests that the 
BRL was not converted to a BSG by the POCl3 step. After the HF dip and a DI water 
rinse, the B-BSF side was coated with the Al-doped SOG for surface passivation. Figure 
10.5 shows abbreviated process sequences highlighting the differences between the first 
and second generation cell processes. 
From four-point probe measurements, the B-BSF sheet resistance after the end of the 
second generation process was found to be lower – ~35-40 Ω/sq as opposed to ~40-45 
Ω/sq. for the first generation process. The lower sheet resistance may be due to the BRL 
(which is known to act as a diffusion source [75]) providing additional boron doping 
during the POCl3 diffusion process. In addition to achieving slightly heavier doping with 
no increase in process time, the back-to-back loading during POCl3 diffusion also has the 
advantage of eliminating the diffusion blocker spin-coating step. With this tweaked 
process, an independently verified best cell efficiency of 20.2% was achieved with (VOC)  
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Boric Acid (rear)  
+ Diffusion Blocker (front)  
Spin-coating 
HF dip 
(Back-to-back in one slot) 
B-BSF Diffusion  
(Back-to-back in one slot) 
Strip PSG/BSG in HF 
(B-BSF side is hydrophilic) 
Al-doped SOG spin-coating 
Apply Ag Reflector + FGA 
Front/Rear Screen Print + Co-Fire 
Front-side PECVD SiNX 
Surface Passivation 
POCl3 Emitter Diffusion  





















Boric Acid (rear)  
+ Diffusion Blocker (front)  
Spin-coating 
HF dip (one wafer per slot) 
Spin-coat Diffusion Blocker on BSF 
Al-doped SOG spin-coating 
Strip PSG/BSG in HF 
(B-BSF side is hydrophobic) 
Apply Ag Reflector + FGA 
Front/Rear Screen Print + Co-Fire 
Front-side PECVD SiNX 
Surface Passivation 
POCl3 Emitter Diffusion 
(one wafer per slot)  
B-BSF Diffusion  
(Back-to-back in one slot) 
 
Figure 10.5 Abbreviated process sequences for the first and second generation B-
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VOC  =    653 mV 
JSC   =    39.49 mA/cm2 
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Figure 10.7 PC1D fits to the measured IQE and reflectance characteristics of the 
best Generation 1 and Generation 2 B-BSF cells. 
Gen.1      Gen.2
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Table 10.2  I-V data of a 20.2% efficient, 4cm2 B-BSF cell, along with simulated I-V 
data from a PC1D fit to the same cell. Also shown is the average of GT 
measurements of 20 similarly processed cells. The NREL measurement used an 
aperture mask of area 3.802 cm2 and the GT measurements used an aperture mask 
of area 3.893 cm2. 
  η (%) VOC (mV) JSC (mA/cm2) FF (%) 
Measured 
(NREL) 
20.20 653.2 39.485 78.3 
Measured 
(GT) 










20.13 654.5 39.065 78.7 
 
 
of 653 mV, a short-circuit current density (JSC) of 39.5 mA/cm2 and a fill-factor (FF) of 
78.3 % (Figure 10.6). Comparing the IQE curves of the best B-BSF cells (Figure 10.7) 
shows that the boost in efficiency in the second generation process comes from an 
improved long-wavelength response. PC1D fitting reveals that this improvement 
corresponds to a lower BSRV of ~120 cm/s, while the rear reflectance is the same at 93%. 
The accuracy of the PC1D fit to the measured I-V data is shown in Table 10.3. Allowing 
the bulk lifetime to vary from 400-1000 µs (the uncertainty in the measured bulk 
lifetime), the ‘best-fit’ BSRV ranges from 110-160 cm/s.  
Table 10.3 also shows the average of 20 cells fabricated using the same process and 
measured at Georgia Tech. Note that all cells measurements reported here used an 
aperture mask which shades all the other cells on the wafer (there were 9 cells per 4” 
wafer). This was necessary as the high bulk lifetimes of the wafers resulted in current 
collection from outside the active area of the cell (as defined by dicing saw isolation) 
which artificially inflated JSC readings. 
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10.2.2.1  Double Side Textured B-BSF cell 
The Al-doped SOG was used as the rear dielectric in all the 20%-type B-BSF cells 
fabricated in this thesis since it provides both high lifetime at the end of the cell process 
(due to Fe gettering) and good passivation on the planar p+-Si surface of the B-BSF cells. 
However (as discussed in Chapter 7), it provides very poor passivation on a textured p+-
Si surface leading to ~20mV lower implied VOCs on double-side textured B-BSF cell 
wafers. A comparison of the results in Tables 10.2 and 10.3 shows that this difference 
persists at the cell level – texturing the rear B-BSF reduced the best cell efficiency from 
20.2% to 19.1%.  
IQE analysis (Figure 10.8) confirms that the lower performance of the Al-doped SOG 
passivated, double-side textured B-BSF cell is due poor rear surface passivation. This is 
visible in the IQE curves as a lower response past 800 nm compared to the single-side 
textured, B-BSF cell (this is the same curve from Fig. 10.7 re-plotted for convenience). 
Note that while both bulk lifetime degradation and poor rear surface passivation can 
account for degradation in long-wavelength IQE, the former is not the cause of the 
observed IQE degradation as bulk lifetime measurements on double-side textured B-BSF 
cells showed lifetimes as high as 1.1 ms. As discussed in Chapter 7, non-uniformity in the 
BSF formed by the spin-on boric acid/DI H2O sources is also not responsible for the poor 
passivation quality. This claim is supported by SEM imaging which shows that the BSF 
(seen as the bright strip in Figure 10.9) follows the contours of the pyramids fairly well. 
PC1D fitting (Figure 10.8) to the IQE and I-V data reveals that the reduced IQE response 
is due to an increase in the BSRV from 120 cm/s (planar B-BSF) to 700 cm/s (textured 
B-BSF). This high BSRV happens to be close to that of the baseline Al-BSF cell (600 
cm/s); as a result both devices have similar VOC values (Table 10.3). However, compared 
to the baseline full Al-BSF cell, the textured B-BSF cell does have an enhanced IQE 
response past 1000 nm (Figure 10.8) due to the improved BSR with RB = 91% (compared 
to 70% for the baseline Al-BSF cell). This is reflected in the higher JSC of the textured B-
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Figure 10.8. PC1D fits to the measured IQE and reflectance characteristics of the 






Figure 10.9. SEM image of a boron diffused layer formed on a textured surface 
using a boric acid/DI water spin-on source.  
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Table 10.3. I-V characteristics of a double-side textured B-BSF cell and the baseline 
Al-BSF cell (both 4cm2) along with simulated I-V data from PC1D fits to the same 
cells. The NREL measurements used an aperture mask of area 3.802 cm2. The GT 
measurements were with an aperture mask of area 3.893 cm2. 
  η (%) VOC (mV) JSC (mA/cm2) FF (%) 
Measured  
(GT) 





18.92 635.7 38.37 77.57 
Measured  
(NREL) 




18.92 636.6 37.59 79.05 
 
 
Note that the 700 cm/s BSRV value for the rear-side textured B-BSF cell was 
extracted while keeping the rear side of the PC1D model planar. If a rear surface texture 
is included in the PC1D model, the BSRV drops by a factor of ~1.7 to 400 cm/s due to 
the fact that PC1D automatically increases SRV to account for the increase in surface 
area due to texturing. The BSRV of 700 cm/s is an effective BSRV value which includes 
the effect of surface texturing. It is interesting to note that in the surface passivation 
studies of Chapter 7 it was found that due to the transparent nature of the shallow B-BSFs 
used for the cells in this thesis, using no passivation (i.e. air ‘passivation’) resulted in a 
BSRV of 689 cm/s (as determined on symmetrically diffused samples – see Fig. 7.6 in 
Section 7.3). The good agreement with the BSRV of 700 cm/s extracted from the finished 
double-side textured cells provides cell-level confirmation that the Al-doped SOG 
provides essentially no passivation on a textured p+-Si surface.  
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10.3 Effect of Cell Design on Light Induced Degradation  
 
While the cells in this thesis were fabricated on high-quality FZ Si, commercial 
monocrystalline Si solar cells are made on cheaper Cz material. A major difference 
between the two substrate types is that the bulk lifetime of boron-doped p-type Cz Si 
wafers is known to degrade under illumination [171, 172]. This light-induced degradation 
(LID) has been linked to the relatively large concentration of oxygen impurities in 
commercial Cz material which, under illumination, pair with boron to form electrically 
active BsO2i defects. The light-induced defect formation place a fundamental limit on the 
stabilized lifetime of such substrates and an empirical expression linking the stabilized 
lifetime (τstable) to the bulk boron and oxygen concentrations was proposed by Bothe et al. 
[173]:  
τstable = n x 7.675 x 1045 x [Bs]-0.824 x [Oi]-1.748                          (10.1) 
where [Bs] and [Oi] are the boron and interstitial oxygen concentrations respectively. The 
multiplicative factor, n, was reported to range from 2 to 3 and was linked to a reduction 
in the concentration of BsO2i defects by high-temperature processing steps typical to solar 
cell processing [173]. As the boron concentration can easily be determined via four-point 
probe resistivity measurements, and the Oi concentration in most commercial p-type Cz 
material falls within a fairly narrow range of 6x1017 – 1x1018 cm-3 (12 – 20 ppm), 
Equation 10.1 provides a convenient way to estimate the stabilized lifetime for 
commercial boron-doped Cz Si material.  
In order to see the effect that worst-case LID can have on the cells fabricated in this 
research, the bulk lifetime of the PC1D fits to the cells was changed to the value 
predicted by Equation 10.1 assuming n = 2 and [Oi] of 1x1018 cm-3 (20 ppm). For the 1.3 
Ω-cm resistivity wafers used in this work, the stabilized lifetime works out to be ~30 µs. 
The simulated LID results (Table 10.4) show that while both the baseline Al-BSF and the 
20.2% efficient second generation B-BSF cell suffer large drops in efficiency due to LID,  
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Table 10.4. PC1D simulations showing the effect of LID on the efficiency of the 






Second Gen.  
B-BSF 
∆η (abs.) 
[B-BSF – Al-BSF] 
Initial 450 µs 18.9 % 20.2 % 1.3 % 
Post-LID 31 µs 17.9 % 18.6% 0.7 % 
 
 
its impact is much larger for the B-BSF cell. As a result, the efficiency gap between the 
two structures is almost halved after LID. In addition, the simulation results suggest that 
the main goal of this thesis, a screen-printed cell with stable 20% efficiency, cannot be 
achieved on commercial boron-doped Cz material with the 20% B-BSF cell structure 
developed in this thesis. This finding is examined in more detail in following sections 
which show quantitatively for the first time that the impact of LID is linked to cell design 
and that all well-passivated cells (i.e. not just the B-BSF cell designed here) will suffer a 
larger efficiency loss due to LID. 
 
10.3.1 Modeling the Effect of Cell Design on LID 
To better understand the result shown in Table 10.4, PC1D modeling was used to 
quantitatively examine how cell design influences the impact that LID has on cell 
efficiency. The starting point for this study was selected to be a PC1D model of a 
mediocre ~17% efficient Al-BSF cell whose parameters are listed in Table 10.5. Though 
all the cells in this thesis have been fabricated on 300 µm thick, 1.3 Ω-cm wafers, the 
LID modeling study discussed here uses 180 µm thick, 2 Ω-cm substrates instead as these 
are more representative of current Cz Si industrial cells. Many of the highest efficiency, 
large-area, screen-printed cells have been fabricated on Cz wafers of similar resistivity 
(2-3 Ω-cm) and thickness (~160-200 µm) [11, 62, 174, 175].  
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Table 10.5 List of PC1D parameters used to model a ~17% Al-BSF cell. 
Cell Parameters 
Resistivity (Ω-cm) 2 
Thickness (µm) 180 
τBULK (µs) 250  
Emitter (Ω/sq.) 60 (Spreading Resistance) 
FSRV (cm/s) 100,000 
BSRV (cm/s) 600 
BSR (%) 60 
RSERIES (Ω-cm2) 1 
RSHUNT (Ω-cm2) 1000 
J02 (nA/cm2) 5 
N2 2 
η (%) 17.2 
VOC (mV) 618 
JSC (mA/cm2) 36.3 
FF (%) 76.7 
 
 
This baseline model was then gradually changed, one parameter at a time, to build a 
roadmap to 21% efficiency (Figure 10.10). While this piecemeal approach is not realistic, 
(for example, improvements in BSR are often tied to improvements in BSRV and 
reduction in the front grid shading can improve the FSRV) it is useful for determining 
which cell improvements affect the LID-induced efficiency loss. The worst-case impact 
of LID at each step of the roadmap was then simulated by reducing the bulk lifetime from 
250 µs (Table 10.5) to the value predicted by Equation 10.1 assuming a high bulk oxygen 










































































Figure 10.10. Technology roadmap from 17% to 21% efficient solar cells showing 
how improvements to various cell parameters influence the initial efficiency and the 
absolute loss in efficiency due to LID. 
 
 
lifetime on 2 Ω-cm material works out to be 45 µs. Note that, in these simulations, the 
trap level of the BSO2i defect which is associated with LID was assumed to lie at mid-gap.  
This assumption is removed later in this chapter (see Section 10.3.3.2). 
The results in Figure 10.10 show that so long as improvements to the cell do not 
result in improved carrier collection (i.e. the improvements are confined to FF, grid 
shading and rear reflectance) the efficiency loss due to LID remains approximately 
constant at ~0.35% (abs.). In this roadmap, the upper end of the FF values were limited to 
those achieved on the best screen-printed Al-BSF cells and the reduction in front-grid 
shading was limited to values that may be achievable with ~50 µm wide printed lines 
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using advanced metallization technologies such as extrusion printing and inkjet printing + 
plating [11, 176]. Given these restrictions, the modeling shows that improvements to FF 
and grid shading alone can improve the efficiency to 18.5% without paying an increased 
LID penalty. Raising the rear reflectance can further improve the cell efficiency to ~19%. 
But getting the initial (pre-LID) efficiency to ≥20% requires advanced front and rear 
surface passivation techniques. Unfortunately, Figure 10.9 clearly shows that 
improvements in surface passivation also result in a significant increase in the effect that 
LID has on cell efficiency. At the high-end of this roadmap, the LID loss is over 1% 
(abs.) or ~5% (rel.), i.e. a 21% cell (on 2 Ω-cm Cz) will drop to 20% after worst-case LID. 
The following section shows that a relationship between passivation quality and LID is 
predicted by device theory and is not specific to the roadmap in Figure 10.10. 
 
10.3.2 Theoretical Understanding of the Effect of Cell Design on LID 
Qualitatively, it is simple to understand why a relationship exists between BSRV and 
the magnitude of LID-induced efficiency loss. The purpose of improving the BSRV of a 
solar cell is to reduce the loss of photogenerated carriers at the rear surface of the cell. 
But after LID, the diffusion length is so low that the many carriers do not even ‘see’ the 
rear surface, i.e. they recombine in the bulk before reaching the rear surface. This concept 
is illustrated in Figure 10.11 for two extreme cases – a cell with very poor rear surface 
passivation (i.e. high BSRV) and a cell with perfect surface passivation (i.e. BSRV = 0 
cm/s).  
In the high BSRV example, a photogenerated electron moving towards the back 
surface is likely to be lost (i.e. is not collected by the front p-n junction) both before and 
after LID. Before LID, this loss is due to surface recombination, and post-LID, the loss is 
due to bulk recombination. Though the loss mechanism changes after LID, the net effect 
of LID in this case is zero. The situation changes for a cell with low BSRV. Given a high 























































Figure 10.11 Energy band-diagrams illustrating how the effect of LID on carrier 
collection differs for (a) a high BSRV cell and (b) a low BSRV cell. 
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likely to be collected by the front junction and therefore contribute to the cell conversion 
efficiency. But after lifetime degradation due to LID, these electrons which were initially 
contributing to the cell conversion efficiency, no longer do so. Therefore, the full impact 
of improved rear passivation is lost after LID and the cell suffers a drop in efficiency. 
Quantitatively, the existence of a relationship between BSRV and the LID-driven loss 
is also expected from semiconductor device equations. In the one-diode model of a solar 

















kTV                      (10.2) 
where J0e and J0b are, respectively, the saturation current densities on the emitter and base 
sides of the depletion region. Figure 10.12 schematically shows the cell regions where 
these saturation currents are defined – J0b is a measure of the recombination at the rear  
 
 


























































Figure 10.12 Energy band-diagram showing the interfaces at which J0e and J0b are 
defined as well as a summary of the method used to calculate VOC from BSRV and 
FSRV.  
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surface and the base of the cell while J0e is a measure of recombination at the emitter 





























=                                               (10.3) 
where, Dn and Ln are the electron diffusivity and diffusion length respectively, ni is the 
intrinsic carrier concentration, W is the thickness of the base region and NA is the base 
dopant density. S is the back surface recombination velocity (BSRV) and the diffusion 
length, Ln, is proportional to the minority carrier bulk lifetime (τn): 
nnn DL τ=                                                                      (10.4) 
Equations 10.2 through 10.4 can be used to calculate the effect of LID on VOC as BSRV 
is varied. The workflow for these calculations is summarized in Figure 10.12 and detailed 
in the flowchart of Figure 10.13. The results (Figure 10.14 (a)) show that when bulk 
lifetimes are high, improvements in BSRV translate to large improvements in on J0b. But 
at the LID-limited lifetime of 45 µs, the impact of BSRV on J0b drops because the back 
surface is no longer as strongly coupled to the base of the device. Equation 10.2 was then 
used to re-formulate this J0b data in terms of VOC (assuming a fixed J0e of 150 fA/cm2). 
The results plotted in Figure 10.14 (b) clearly show that the lower the BSRV, the larger is 
the loss in VOC after LID. Thus the VOC trend derived from basic device equations 
verifies the trend observed in the PC1D simulations (Figure 10.10), i.e. the impact of LID 









Choose Substrate Parameters: 
1) W [.018 cm] 







Select BSRV range [1000 to 10 cm/s]:  
 
 
 Calculate Job [Equation 10.3] for: 
1) τn (initial) [250 µs]  







1) J0E [150 fA/cm2] 







Calculate VOC [Equation 10.2] for: 
1) τb (initial) [250 µs]  







Figure 10.13. Workflow used to calculate the change in VOC due to LID as a function 
of the back surface recombination velocity (BSRV). The numbers in square brackets 




















































Figure 10.14 (a) Effect of bulk lifetime loss (due to LID) on the gain in J0b from 
improved BSRV. The insets show the % reduction in J0b from improvements in rear 
passivation at bulk lifetimes of 1000 µs, 250 µs and 45 µs. (b) The impact of carrier 
lifetime reduction from 250 µs (pre-LID) to 45 µs (post-LID) on VOC as a function of 
BSRV. 
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Equations 10.2 to 10.4 can also be used to show that, theoretically, the impact of LID 
should also increase as FSRV improves. The workflow for these calculations is given in 
Figure 10.15. The calculations involve first converting a range of FSRV values to J0e 
values using PC1D. Since FSRV and J0e are defined at different planes of a cell (see 
Figure 10.12) an emitter profile is needed for this calculation. Here, the spreading resista- 
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1) BSRV [400 cm/s] 
2) JSC [38 mA/cm2] 
Calculate Joe [using PC1D]: 
Assume some emitter profile [60 Ω/sq. spreading resistance profile]  
Calculate Job [Equation 10.3] for: 
1) τn (initial) [250 µs] 

















Calculate VOC [Equation 10.2] for: 
1) τb (initial) [250 µs]  




Figure 10.15 Workflow used to calculate the change in VOC due to LID as a function 
of the front surface recombination velocity (FSRV). The numbers in square 


















FSRV = 10,000 cm/s


































Figure 10.16 (a) Effect of bulk lifetime loss (due to LID) on the gain in J0_total from 
improved FSRV. The insets show the % reduction in J0_Total due to improving FSRV 
from 100,000 cm/s to 10,000 cm/s at bulk lifetimes of 1000 µs, 250 µs and 45 µs. (b) 
The impact that a drop in carrier lifetime from 250 µs to 45 µs (due to LID) has on 
VOC as a function of FSRV. 
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ance profile of a ~60 Ω/sq. emitter (Figure 10.17) was used (details on extracting J0e 
values using PC1D is given in Chapter 7). Next, pre- and post-LID J0b values were 
calculated (Equation 10.3) assuming a fixed BSRV of 400 cm/s. Equation 10.2 was then 
used to calculate VOC from the J0e and J0b values. 
J0e itself does not change after LID, since J0e is determined by FSRV and bulk emitter 
recombination which are not affected by the bulk lifetime. However, as Figure 10.16 (a) 
shows, lifetime reduction to LID shrinks the impact that FSRV improvements have on the 
total cell J0 (J0_total = J0e + J0b). This is similar to the trend observed in the J0b calculations 
shown in Figure 10.14 (a). Expressed in terms of VOC, this means that the better the front 
surface passivation quality, the larger is the penalty paid in VOC (and cell efficiency) due 
to LID which again confirms the PC1D findings. That said, a comparison of Figures 


























Figure 10.17 Spreading Resistance Profile of industrial-type phosphorous emitter 
used for calculations examining the effect of FSRV on LID (see text for details). 
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10.3.3 An Empirical Model for Predicting Stabilized Cell Efficiency 
The discussion in the previous sections showed that both PC1D simulations and 
device theory agree on the point that the impact of LID on cell efficiency should increase 
as surface passivation is improved. Determining the stabilized, post-LID efficiency in 
practice requires either an experimental measurement which involves a time-consuming 
light-soaking step, or modeling the (pre-LID) device in a program such as PC1D and 
simulating the stabilized efficiency using a degraded (post-LID) lifetime (Equation 10.1). 
However, the LID simulations seem to indicate that, for a relatively wide range of cell 
designs, it may be possible to estimate the worst-case stabilized efficiency (i.e. [Oi] = 20 
ppm) given nothing other than the starting (pre-LID) cell efficiency. 
The basis for this claim is most easily demonstrated by re-considering the roadmap 







































































Figure 10.18 Technology roadmap from 17% to 21% efficient solar cells showing 
the dependence of LID on individual cell parameters. 
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convenience. When these data-points were re-plotted as shown in Figure 10.19, it was 
found that there is a strong linear relationship between the stabilized efficiencies and the 
initial efficiencies, with the least-squares linear fit having a R2 > 0.99. Additional 
simulations showed that the strong linear correlation (i.e. R2 ≥ 0.99) between the initial 
and stabilized cell efficiencies held regardless of the order or combination in which the 
parameters were changed (i.e. the cell parameters did not need to be altered in exactly the 
order shown in Figure 10.18 for the linear correlation to appear). 
The generality of this correlation was tested by repeating the LID simulations using 
different PC1D fits as the baseline – a fit to a ~18.3% efficient 239 cm2 Al-BSF cell, a fit 
to a 19.6% efficient, 239 cm2 rear dielectric passivated cell [62] and the two ~20% B- 
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Figure 10.19 Plot of post- vs pre-LID efficiencies from the roadmap in Figure 10.18. 
The solid line is a linear fit to the data. The inset shows the coefficient of 
determination (R2) for the fit. 
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and n2) characteristics and different emitter sheet resistances/profiles. The FF, front 
shading, BSRV and FSRV for each baseline were then varied over the ranges shown in 
Figure 10.20. The additional ‘roadmaps’ generated in this way included cases where just 
one parameter was changed at each step as well as cases where multiple parameters were 
changed at each step. The resulting array of nearly 500 simulated cell designs (Figure 
10.20) preserves the conclusion that a strong linear correlation exists between the initial 
and worst-case stabilized cell efficiencies. A linear fit to this larger dataset has the form 
 15.3)805.0*( += InitialFinal ηη                                  (10.5) 
The R2 for this fit is 0.97 showing that a strong linear correlation exists between the 
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LID data from PC1D simulations (467 data points)
Linear fit to LID data
 
ηFINAL = (ηINITIAL*0.805) + 3.15 
Avg. Error = 0.09% R2 = 0.97 
Max. Error = 0.32% 
Valid for:         2Ω-cm, 180-200 µm wafers       
Initial τBulk = 200-250 µs; [Oi] = 1x1018 cm-3
76.5 ≤ FF ≤ 80.0 
5.5% ≤ Grid Shading ≤ 10.0% 
10,000cm/s ≤ FSRV ≤ 100,000cm/s 
50cm/s ≤ BSRV ≤ 1000cm/s 
Figure 10.20 Plot of final (post-LID) efficiencies versus initial (pre-LID) efficiencies 
from multiple roadmap simulations. The insets quantify the accuracy of the linear 
fit and the range of cell parameters over which the fit is valid. 
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average error of 0.09% (abs.) and a maximum error of 0.32% (abs.). The error is defined 
as the difference between the stabilized efficiency predicted by PC1D and the stabilized 
efficiency predicted by the simple linear model. A histogram of the error is provided in 
Figure 10.21 showing that for most cell designs, the error is ≤ 0.2% (abs.). 
The strong correlation between the initial and worst-case stabilized cell efficiencies is 
surprising as a given efficiency can be achieved by several different cell designs. For 
example, a 19% efficient cell can be achieved with a cell design featuring excellent 
surface passivation and mediocre FF or with a design featuring high FF and mediocre 
surface passivation. Since the impact of LID is tied to the surface passivation quality and 
not FF, the former, better passivated design should have a lower stabilized efficiency 




















Error is <=0.2% (abs.) for ~91% of data points. 
Figure 10.21 Histogram of error between the stabilized (post-LID) efficiencies as 
predicted by PC1D simulations (red points in Figure 10.17) and those predicted by a 
simple linear model (solid line in Figure 10.17). 
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scatter in the data points in Figure 10.20. However, for the wide range of cell designs 
covered in these simulations (see inset in Figure 10.20), the numbers work out such that 
this scatter is fairly small and so a strong linear correlation does exist between the initial 
and the worst-case stabilized efficiencies (i.e. for material with [Oi] ~ 20 ppm). Note that 
Equation 10.5 is a fit to simulations which used only 2Ω-cm material and wafer 
thicknesses in the range of 180-200 µm. It is not generally valid for other bulk 
resistivity/[Oi]/wafer thickness combinations as all three parameters affect the slope and 
intercept of the linear fit. Note also that Equation 10.5 cannot be extrapolated to any 
arbitrary starting efficiency (doing so increases the error of the fit) and that it is based 
only on front-junction structures. However the wide parameter space over which it is 
valid covers current industrial passivation and contacting technologies as well as values 
similar to or better than those that have only been demonstrated in lab-scale fabrication 
[11, 62, 174-176]. Over this wide range of cell designs, Equation 10.5 provides a simple 
way of estimating the worst-case stabilized efficiency. 
 
10.3.3.1 Comparison to LID data from the Literature 
In the literature, I-V data before and after LID is not routinely reported which makes 
it difficult to confirm the simulation findings. Table 10.6 lists pre- and post-LID data for 
two LFC PERC cells from Fraunhofer ISE which have substrate characteristics similar to 
those used for the simulations [178, 179]. The stabilized efficiencies of these cells as 
predicted by Equation 10.5 agrees well with the experimental stabilized efficiencies. Also 
included is a the data for an emitter-wrap-through (EWT) device from ISFH [180]; since 
the EWT structure does not have front metal shading, it falls outside the range of cell 
designs considered in the simulations and the prediction of the simple, linear model is 
slightly worse. 
The fact that predictions of the linear model are in fairly good agreement with a few 
literature data points does not rule out the possibility that the accuracy of the predictions  
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Table 10.6 Comparison of experimental LID I-V data from Refs. [178-180] to the 





















180 µm / 1.6 Ω-cm 
18.8 18.2 18.3 
[179] LFC PERC 200 µm / 3 Ω-cm 18.1 17.8 17.7 
[180] EWT NA / 1-2 Ω-cm 20.2 19.2 19.4 
 
 
are due to chance. A systematic, experimental study of how the impact of LID changes 
with surface passivation quality is needed to confirm the fit to the simulation data 
presented here. Note however that the finding that a relationship exists between LID and 
surface passivation quality is theoretically sound. 
 
10.3.3.2 Effect of BsO2i Defect Parameters on Simulated, Stabilized Cell Efficiencies 
As noted earlier in Section 10.3.1, one simplifying assumption that was made in the 
LID simulations is that the BsO2i defect that is thought to be responsible for the LID 
effect was modeled as a mid-gap trap with symmetric capture cross-sections (i.e. τn = τp). 
However, literature data suggests that this may be an inaccurate assumption [177]. 
Therefore, several of the simulations were re-run using the defect model for BsO2i 
proposed by Rein and Glunz [177] which places the defect level at 0.15 eV above mid-
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gap, with a capture-cross section asymmetry (σn/σp = τp/τn) of 9.3. When these defect 
parameters were used instead of the mid-gap assumption, the PC1D simulations (Tables 
10.7 – 10.10) showed that LID causes a reduction in all the I-V parameters: VOC, JSC and 
FF. This is in keeping with experimental data in the literature which show significant 
losses in FF after LID [178, 179]. In contrast, assuming a mid-gap trap for the BsO2i 
defect doesn’t cause any appreciable change in FF. The reduction in FF after LID when 
Rein and Glunz’s defect model is used is likely due to the BsO2i-limited bulk lifetime 
being injection level dependent which arises from the capture cross-section asymmetry of 
the deep BsO2i level [181]. This is similar to the case with Fei (see Chapter 8) which is 
also a deep level recombination center with asymmetric capture cross-sections and 
produces a strongly injection level dependant lifetime. Note however, that using Rein and 
Glunz’s defect model results in both a lower FF and a higher VOC than the mid-gap defect 
model. These two effects cancel each other out so that both defect models predict the 
same stabilized efficiency after LID. Therefore, the simple linear fit of Equation 10.5 
remains valid even when using Rein and Glunz’s more realistic defect model. 
Note that if any changes other than light-induced lifetime loss occur during 
experimental LID measurements – such as changes in contact/line resistance or 
degradation in surface passivation quality – they would count as additional loss 




Table 10.7 PC1D simulation of stable, post-LID I-V parameters for a 17% efficient 
cell design. 









Initial 617.9 36.3 76.7 17.2 
Post-LID 
(mid-gap defect model) 
611.8 36.0 76.7 16.9 
Post-LID 
(Rein/Glunz defect model) 






Table 10.8 PC1D simulation of stable, post-LID I-V parameters for an 18% efficient 
cell design.  









Initial 625.5 37.2 78.7 18.3 
Post-LID 
(mid-gap defect model) 
617.3 36.9 78.6 17.9 
Post-LID 
(Rein/Glunz defect model) 








Table 10.9 PC1D simulation of stable, post-LID I-V parameters for a 20% efficient 
cell design.  









Initial 641.4 38.9 78.5 19.6 
Post-LID 
(mid-gap defect model) 
626.2 38.5 78.4 18.9 
Post-LID 
(Rein/Glunz defect model) 




Table 10.10 PC1D simulation of stable, post-LID I-V parameters for a ~21% 
efficient cell design.  









Initial 658.6 40.5 79.6 21.2 
Post-LID 
(mid-gap defect model) 
635.9 39.9 79.6 20.2 
Post-LID 
(Rein/Glunz defect model) 








10.3.4 Reducing the Impact of Light Induced Degradation 
The conclusion from the prior section that LID has a bigger impact on higher-
efficiency cells poses a challenge for the goal of achieving grid-parity with c-Si PV. As 
noted back in Chapter 1, cost calculations call for cell efficiencies around 20%. The LID 
simulations suggest that getting to stable 20% efficiencies with the current substrate of 
choice for high-efficiency c-Si cells (i.e. traditionally pulled, boron-doped Cz of 2-3 Ω-
cm resistivity and ~180-200 µm thickness) requires that manufacturers overshoot the 
target and achieve initial cell efficiencies of ~21% (Figure 10.20) before suffering a 
worst-case loss of ~1% (abs.) due to LID. As higher efficiency designs typically come 
with a higher manufacturing cost, avoiding such a large degradation is important from a 
cost perspective. 
 
10.3.4.1 Thin Wafers 
One method for reducing the impact of LID is to move to thinner wafers as they 
require lower bulk lifetimes for complete carrier collection. This was reflected in 
additional LID simulations which showed (Figure 10.22) that while the effect of an LID-
induced lifetime drop from ~250 µs to 45 µs does reduce efficiencies even on 50 µm 
thick substrates, the magnitude of this loss is much reduced compared to the ~180-200 
µm thick substrates currently used in industry.  
However, thinner wafers may not be an easier route to stable 20% efficient cells, 
despite their reduced sensitivity to LID. This is due to the fact that thinning the wafer 
down reduces the starting efficiency of the cell. For example (Figure 10.22), a cell design 
that achieves efficiencies ~21% on 180-200 µm achieves efficiencies ~0.5% (abs.) lower 
on 50 µm thick wafers. So even though the thinner wafer suffers a smaller loss after LID, 
both wafer types end up at approximately the same stabilized efficiency.  The solid line in 
Figure 10.22 is a fit to 130 data points from PC1D simulations on 50 µm thick wafers and 
has the form 
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41.1)914.0*( += InitialFinal ηη                                  (10.5) 
The R2 for this fit is > 0.99, with an average error of 0.06% (abs.) and a maximum error 
of 0.23% (abs.). Note that this fit is to cell designs that cover the same parameter ranges 








17 18 19 20 21 22


















50 µm thick cells (PC1D simulations) 
 
50 µm thick cells (Linear Fit) 
 
180-200 µm thick cells (Linear Fit) 
Figure 10.22 Plot of final (post-LID) efficiencies versus initial (pre-LID) efficiencies 
for 50 µm and 180-200 µm thick wafers. 
 
 
10.3.4.2 N-type Wafers 
An alternate approach towards low-cost, stable, high-efficiency cells is to shift to n-
type substrates which are free of boron dopants [182].  As the LID effect results from the 
simultaneous presence of boron and oxygen in Si wafers [171-173], removing boron from 
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the substrate eliminates LID. With that in mind, Equation 10.5 (re-plotted in Figure 
10.23) can be interpreted as defining the ‘efficiency parity’ points between n-type and p- 
type (2 Ω-cm, 180-200 µm thick) cells. For example, an n-type cell with a starting 
efficiency of ~20% will be at parity with a p-type cell with a starting efficiency of ~21% 
as the latter can suffer a loss of up to 1% (abs.) due to LID. Similarly, a 19.3% n-type cell 
is at parity with a 20% efficient p- type cell. Since lower efficiency cells are generally 
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19.3% n-type cell ≈ 20% p-type cell 
20% n-type cell ≈ 21% p-type cell 
 
Figure 10.23 Plot defining the points at which the starting efficiencies of n-type and 







10.4 Development of N-type Cells 
 
As n-type cells do not suffer from boron-oxygen complex related LID, the cell 
fabrication process developed for p-type B-BSF cells was applied to 2.5 – 3 Ω-cm, 190 
µm thick n-type Fz Si substrates.  Figure 10.24 shows the schematic for these cells. Since 
the process sequence for the n-type cells is nearly identical to that of the second 
generation p-type B-BSF (see Sections 10.1 and 10.2), it is not repeated here in full. The 
only differences between that process and the n-type process are:  
1) The boron diffusion time was cut from 20 minutes to 12 minutes resulting in an 
emitter sheet resistance of ~50 Ω/sq. 
2) Both sides of the wafers are symmetrically passivated using thermal SiO2/SiNX 
stacks (the p-type devices use an Al-doped SOG for B-BSF passivation for 
reasons re-iterated below). 
3) The front screen-printed contacts are achieved with an Ag/Al paste (H9383M) 
from Heraeus and the rear Ag point contacts are printed using H9237 Ag paste 























Point Contacts Ag Colloid 
BSR 
Figure 10.24 Schematic of the screen-printed n-type cells fabricated in this study. 
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As with the p-type cells, boric acid/DI water spin-on and POCl3 sources are used for the 
boron and phosphorous diffusions respectively. 
Back in Chapter 7, fired thermal oxide/SiNX stacks and an Al-doped SOG were 
identified as promising materials for passivating p+-Si surfaces. For the p-type B-BSF 
cells presented earlier in Section 10.2, the Al-doped SOG is used to passivate the B-BSF 
as it provides good passivation on planar p+-surfaces and simultaneously getters lifetime-
killing Fe which gets incorporate into the wafer during boron diffusion (See Chapter 8). 
However, the Al-doped SOG provides poor passivation on textured p+ surfaces; this was 
demonstrated in both passivation studies (Chapter 7) and at the cell level (Section 
10.2.2.1). In contrast, a fired oxide/SiNX stack was found to provide passivation of 
similar quality on both planar and textured p+ surfaces. Since the emitter on front-
junction n-type cells needs to be textured to reduce reflectance, the oxide/SiNX stack was 
used for passivating the boron emitter of the n-type cells. Both the p-type and n-type cells 
used oxide/SiNX passivation of the phosphorous emitter/BSF. 
The downside of the oxide/SiNX passivation scheme is that Fe measurements on p-
type substrates (Chapter 8) showed that the oxidation step results in significant Fe 
contamination of the wafer bulk. Fortunately Fe contamination is less of a concern for n-
type cells, since the hole capture-cross section for interstitial Fe (Fei) is much smaller 
than its electron capture cross-section (σp « σn) [142, 145]. As holes are the minority 
carriers in n-type solar cells, Fe contamination has a much smaller impact on the lifetime 
of n-type wafers than it does on p-type wafers where electrons are the minority carriers. 
This was confirmed by lifetime experiments where bulk lifetimes of ~600-1500 µs were 
measured after boron diffusion and oxidation of the same type of wafers (~3 Ω-cm Fz Si) 
used for cell fabrication. Based on measurements on companion p-type wafers, the wafers 
are believed to have bulk Fe concentrations of 2-5x1011 cm-3 (see Chapter 8 for details on 
how Fe concentrations were measured in this study). Even at the low-end of the n-type 
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lifetime distribution, the corresponding diffusion length of ~770 µm is more than 4x the 
thickness (~190 µm) of the wafers.  
 
10.4.1 Results and Analysis of ≥ 20% Efficient N-type Cells 
Figure 10.25 shows the NREL-verified I-V characteristics of the best n-type cell (4 
cm2) fabricated in this study which has an efficiency of ~20.3%, with VOC of 647 mV, JSC 
















η      =    20.25 % 
VOC  =    647 mV 
JSC   =    40.12 mA/cm2 
FF    =    78.04 % 
Figure 10.25 I-V characteristics of screen-printed n-type cell fabricated in this study. 
 
The ‘best fit’ to the IQE, reflectance and I-V data (Figure 10.26) indicates that the 
device has a BSRV of 40 cm/s (assuming a bulk lifetime of 600 µs), and an FSRV of 
~4000 cm/s. Note that this BSRV is an effective SRV value which includes the effect of 
rear surface texturing (i.e. rear-side texturing was turned off in PC1D). If the model 
includes a rear surface texture, then the BSRV drops by a factor of 1.7 to ~25 cm/s. This 
is due to the fact that if a surface texture is included in PC1D, the simulator automatically 




















 Figure 10.26 PC1D fits to the measured IQE and reflectance characteristics of the 
best n-type cell fabricated in this study. 
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Table 10.11 Verified I-V data of ~20.3% efficient n-type cell and simulated I-V data 
from a PC1D fit to the same cell. The NREL measurement was performed with an 
aperture mask of area 3.802 cm2. The GT measurements were performed with an 
aperture mask of area 3.893 cm2. 
  η (%) VOC (mV) JSC (mA/cm2) FF (%) 
Measured 
(NREL) 
20.25 646.9 40.12 78.04 
Measured 
(GT) 





20.19 647.8 39.55 78.80 




19.90 648.3 39.03 78.58 
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high-end of the measured n-type bulk lifetimes (1500 µs) is used, the ‘best fit’ effective 
BSRV is ~60 cm/s.  
Table 10.11 compares the simulated I-V characteristics from the PC1D fit to the 
measured I-V data. Also shown is the average I-V characteristics of 15 cells fabricated 
using the same process and measured at Georgia Tech. Note that all cells were measured 




By integrating into a cell process sequence, the boron diffusion, surface passivation, 
iron gettering and rear reflector studies performed in Chapter 3-8, a 20.2% efficient 
screen-printed B-BSF field cell (4 cm2; 300 µm thick Fz Si) was successfully achieved. 
This represents a 1.3% (abs.) efficiency enhancement over the 18.9% efficient baseline 
Al-BSF cell in this work which has the same front (emitter) side as the B-BSF cell. 
Through detailed analysis, the B-BSF cell was found to have a BSRV of 120 cm/s and RB 
of 93%. In comparison the Al-BSF cell has a BSRV of 600 cm/s and RB of 70%. 
The effect that light-induced degradation (LID) would have if this B-BSF device were 
fabricated on oxygen-containing p-type Cz substrates was examined via simulations and 
device theory. This study showed that a direct correlation exists between the surface 
passivation quality of a p-type cell and the efficiency loss that cell will suffer due to LID, 
i.e. better passivated cells will suffer a greater loss due to LID. These simulations showed 
that while an ~18% efficient cell (fabricated on 180-200 µm thick, ~2 Ω-cm substrates) 
can lose ~0.4% (abs.) in efficiency due to LID, a well-passivated ~21% efficient cell 
would lose ~1.0% (abs.). The ~20% efficient B-BSF cells fabricated in this study would 
lose ~0.7% (abs.). From a collection of nearly 500 simulated cell designs which cover a 
wide range of cell parameters, an approximately linear relationship was found to exist 
between the starting efficiency of a cell design and its stabilized efficiency after worst-
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case LID (i.e. material with a high bulk oxygen concentration of 20 ppm). As n-type cells 
do not suffer from light-induced degradation, this empirical relationship also provides a 
method for estimating the ‘efficiency parity’ threshold between n- and p-type cells. For 
example, an n-type cell with an efficiency of ~20% can be at parity with (i.e. is 
equivalent to) a ~21% p-type Cz cell as the latter can suffer an efficiency loss of up to 1% 
(abs.) due to LID. 
Due to the realization that LID can have a very large impact on the stabilized 
efficiency of well-passivated p-type cells (such as the B-BSF cell developed in this 
thesis), the B-BSF process was slightly modified and applied to n-type substrates. Using 
symmetric thermal SiO2/SiNX stack passivation, a ~20.3% efficient screen-printed n-type 





















GUIDELINES FOR FUTURE WORK 
 
 
The work presented in this thesis resulted in two high-efficiency, screen-printed 
boron-diffused cell designs. On p-type Si, efficiencies as high as 20.2% (p-type) were 
achieved with a passivated boron back-surface-field structure compared to 18.9% on an 
Al-BSF cell with an identical front (emitter) side. On n-type wafers, efficiency of ~20.3% 
was achieved using only commercially-friendly, thermal oxide/SiNX stacks for surface 
passivation. Both the p-type and n-type process sequences were designed with the goal of 
keeping the process throughput similar to that of the baseline Al-BSF process; though 
both processes involve three high temperature steps, each step is shorter than the ~90 
minute POCl3 diffusion used in the baseline Al-BSF process. In addition, a low-cost and 
non-toxic boric acid source was developed as an alternative to conventional boron dopant 
sources such as boron tribromide (BBr3) and a novel Al-doped spin-on dielectric was 
introduced which can simultaneously getter Fe and passivate the Si surface in a short 
thermal cycle. This chapter suggests research avenues which can improve the commercial 
manufacturability of the cell designs and fabrication sequences developed here, and lead 
to a deeper understanding of the physical processes involved in the cell technology. 
 
 
11.1 Thin, Large Area Substrates 
 
All the cells fabricated in this work were small-area (4 cm2) cells, while commercial 
cells are typically 239 cm2 or larger. While most of the technology used here, namely, 
atmospheric pressure tubes for thermal processing, screen-printed contacts, thermal oxide 
and silicon nitride for surface passivation, are suitable for large-area substrates, process 
tweaks may be required to achieve uniform application of the spin-on boric-acid/DI 
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sources and the Al-doped spin-on glass on large-area wafers. As the boric acid sources 
are water based, they are suitable for spray-on tools which may provide a higher 
throughput than spin-coating. Alternate high-throughput sources such as screen-printed 
pastes which have historically provided very low bulk lifetimes may also be able to 
provide high-efficiency cells when used with the process developed in this thesis which 
includes strong process-induced Fe gettering. 
While the 20%+ p- and n-type cells fabricated in this work are on ~200-300 µm thick 
substrates, PC1D modeling (using the fits presented in Chapter 10) shows that 20% 
efficiency can be maintained on substrates as thin as 100 µm. Since the cost of the wafer, 
which is typically ~180-200 µm thick for commercial cells, comprises ~60% of the cost 
of a Si PV module, the cell designs developed here offer a way to maintain high-
efficiencies while reducing the wafer thickness and thus wafer cost in half.  
 
11.2 Alternate Substrate Types 
 
The second change required to improve the commercial viability of the cells 
developed in this thesis is to use Cz Si substrates, instead of the more expensive FZ Si 
substrates. For the p-type B-BSF cells, this means moving to commercial boron-doped Cz 
Si wafers. A downside associated with using such substrates is that they suffer from light-
induced degradation (LID) of the bulk lifetime and cell efficiency. Simulation and theory 
work presented in this thesis has shown that well-passivated cells (like the B-BSF cells 
designed here) suffer a larger drop in efficiency due to LID than the conventional Al-BSF 
structure. Therefore, alternate substrates such Ga-doped Cz and low-oxygen, boron-
doped material such as magnetically-stabilized Cz (MCz) and monocast wafers should be 
investigated. As the LID effect results from the simultaneous presence of boron and 
oxygen in Si, these alternate substrates may provide higher stabilized cell efficiencies. 
 211
Since n-type wafers are not thought to suffer from LID, transferring the n-type FZ Si 
cell process that was developed here to n-type Cz Si substrates may be more attractive for 
manufacturing especially as it uses simple thermal oxide/SiNX stacks for surface 
passivation. However, it should be noted that compensated n-type Si wafers (i.e. n-type 
wafers that are doped with both boron and phosphorous) do suffer from LID [182]. Care 
should also be taken to ensure that the quality of the wafer and the lifetime after 
processing are high enough for high-efficiencies. This is emphasized in the Figure 11.1 
which shows that n-type cells are more sensitive to drops in bulk lifetimes than p-type 
cells. The data points in the figure were obtained using the PC1D fits to the 20%+ p-type 
and n-type cells that were presented in Chapter 10 and varying the bulk lifetime from 10-




















Figure 11.1 Effect of bulk-lifetime variation on the ~20% efficient p-type and n-type 
cells developed in this work assuming 200 µm thick wafers. 
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11.3 Improved Understanding of the Gettering Mechanism of the Al-doped SOG 
 
The novel negatively charged Al-doped SOG that was used in this thesis to passivate 
p+-Si surfaces, was found to strongly getter Fe from silicon. The data obtained thus far 
suggests that the negative charge is responsible for the gettering and that the gettered Fe 
may end up in the SOG, instead of remaining inside the Si substrate at the Si/SOG 
interface. However, further work is needed to clarify this proposed gettering mechanism. 
The species responsible for the negative charge in the dielectric, and its location are also 
currently not known. Monitoring the charge density in the dielectric via C-V 
measurements while gradually thinning down the SOG could be used to identify whether 
the charge is distributed in the bulk of the SOG or lies close to the Si/SOG interface. The 
effect of time/temperature/ambient on the effectiveness of the gettering effect should also 
be studied; if strong gettering can be obtained at lower temperatures and shorter process 
times that those used in this work, it would improve the commercial viability of the Al-
doped glass. 
 
11.4 Examine Alternate Methods for Boron Doping 
 
At the start of this thesis, two B-BSF structures were considered – these are shown 
again in Figure 11.2.  The structure with the fully metallized rear is clearly simpler to 
fabricate. However, this simpler structure was not developed in this thesis since obtaining 
a 20% efficient B-BSF cell with full-area rear metallization requires a very deep (~3 µm) 
BSF. Obtaining such heavy doping via boron diffusion requires prolonged processing at 
very high temperatures (see Chapter 6) which is incompatible with high-throughput 
commercial manufacturing. Alternate BSF formation methods such as epitaxial Si 
deposition or ion implantation may be able to provide such heavily doped B-BSFs using 
shorter process times and temperatures, thereby making the simpler B-BSF structure 





















Figure 11.2 The two B-BSF structures that were considered for 20% efficient cells in 
this thesis (taken from Chapter 6). 
 
 
It should be noted that since dielectric/metal stacks typically offer higher reflectance 
than a metal BSR alone (as seen in Chapter 9), light-trapping may be less effective in the 
simpler, fully metallized structure. The effect of this on the efficiency of thin cells should 





In this thesis, > 20% efficient, screen-printed, boron diffused solar cells were 
achieved on both p-type and n-type Fz Si. This was accomplished via extensive device 
characterization and computer modeling, and development of relevant technology. The 
road to 20% efficient cells started with the fabrication and characterization of an 18.9% 
efficient screen-printed Al-BSF cell (4cm2 on 300 µm thick, 1.3 Ω-cm FZ Si). Computer 
modeling of this ‘baseline’ device showed that the efficiency could be increased to 20% 
if the BSRV (600 cm/s) and back surface reflectance (70%) could be improved to 200 
cm/s and 95% respectively, while maintaining a bulk lifetime of ≥ 300 µs.  
Conceptually, an improved BSRV can be achieved by doping the BSF more heavily 
(leading to improved field-effect passivation) and by passivating the BSF (leading to a 
lower density of defect states at the BSF surface). Since boron doping can provide a more 
heavily-doped BSF (as it has higher solubility in Si than aluminum) and the surface of a 
B-BSF can be more easily passivated with a dielectric, this thesis focused on achieving 
20% efficient cells using a passivated B-BSF cell structure. 
While several ≥ 20% efficient B-BSF cells that have been reported in the literature, 
their processing involved photolithography and prolonged thermal cycles at very high 
temperatures (> 1000°C). Such processing methods are too high-cost and low-throughput 
to be commercially viable. This thesis examined whether efficiencies ≥ 20% can be 
achieved with a full-area B-BSF cell structure using short (≤ 90 minute) process steps and 
low-cost, screen-printing technology for contact formation. The 90 minute time limit was 
based on the fact that the longest step in the simple, Al-BSF cell process is a 90 minute 
long POCl3-diffusion step (note this figure includes the time taken to ramp to/from the 
peak process temperature).   
The first task in the development of a 20% efficient B-BSF cell involved selecting a 
boron diffusion source. Though the highest bulk lifetimes and the highest cell efficiencies 
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reported in the literature have been achieved using the boron tribromide (BBr3) source, 
BBr3 is also pyrophoric and toxic. Therefore, a boric-acid based spin-on source was 
developed in this thesis as a low-cost, non-pyrophoric and non-toxic alternative to BBr3. 
It was found that boron emitters with a wide range sheet resistances (~20-200 Ω/sq.), 
surface concentrations (~1x1019-1x1020 cm-3) and junction depths (~0.2-1.5 µm) can be 
achieved with very dilute boric acid solutions (~0.5-2 wt.% boric acid in DI water) by 
controlling the diffusion time and temperature. 
Once is was determined that a wide range of boron profiles can be achieved with 
boric acid/DI water sources, PC1D modeling was used to select a B-BSF profile that can 
achieve the target BSRV of 200 cm/s and thereby deliver a 20% efficient B-BSF cell. The 
modeling showed that even with no surface passivation (i.e. full-area rear metallization) 
the BSRV target could be achieved using a ~3 µm deep, electrically ‘opaque’ B-BSF 
with a high surface concentration of ~1x1020 cm-3. However, the literature indicates that 
even with very high processing temperatures of ~1100°C, fabricating such a heavily 
doped BSF requires a ~5.5 hr. deposition + drive-in process. This is much longer than the 
90 minute time limit that this thesis imposes on all cell process steps due to throughput 
considerations. Experimentation using boric-acid/DI water sources showed that a 90 
minute diffusion cycle at a relatively moderate temperature of 1000°C results in a 
shallow, electrically ‘transparent’ ~0.8 µm deep B-BSF. Modeling showed that such a 
shallow B-BSF has a BSRV of ~550 cm/s without any surface passivation (i.e. full-area 
metallization). This means that if the throughput of the baseline Al-BSF process is to be 
maintained, increased process complexity in the form of an additional passivation step 
and local contacts is unavoidable. Specifically, the PC1D modeling suggested that 
achieving the target BSRV or Sp/p+ of 200 cm/s with the transparent B-BSF requires a Sp+ 
of ~40,000 cm/s.  
Several dielectrics were therefore examined in this thesis, with the aim of finding one 
that provides the required passivation quality (Sp+ ~ 40,000 cm/s) and is stable through a 
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high-temperature firing step. On planar p+ surfaces, an annealed Al-doped spin-on glass 
(SOG) and a fired thermal SiO2/SiNX stack were found to provide the best passivation. 
However, only the fired thermal oxide/SiNX stack was able to provide similar passivation 
on a textured p+ surface. The thermal oxidation/SOG annealing step used in these 
passivation studies was < 90 minute long in accordance with the time limit imposed on 
all cell process steps in this thesis. Area-average calculations showed that achieving the 
cell-level Sp+ of 40,000 cm/s with either passivation method requires a metal fraction of ≤ 
2.5%. Since achieving such a low metal fraction with current screen-printing technology 
requires a point-contact pattern, the passivation studies also helped to determine the rear 
contact structure of the cells fabricated in this thesis. 
In summary, the results of the passivation studies provided two options for achieving 
a 20% efficient, passivated B-BSF cell: 1) a point-contacted, transparent, planar B-BSF 
with either Al-doped SOG or thermal oxide/SiNX passivation and 2) a point-contacted, 
transparent, textured B-BSF with thermal oxide/SiNX stack passivation. Since planarizing 
one side of a wafer can add up to two steps to the cell fabrication process, the latter 
appeared to be the more commercially-friendly option. However, bulk lifetime studies 
showed that the thermal oxide/SiNX passivation scheme resulted in severe degradation in 
the bulk lifetime due to Fe contamination of the wafer during oxidation. In contrast, the 
Al-doped SOG was found to both strongly getter Fe and passivate the B-BSF in the same 
thermal cycle. Since high lifetimes are required for achieving 20% efficient cells, these 
findings forced the use of the more complex rear-side structure – a planar B-BSF with 
Al-doped SOG passivation. From experimental studies, the strong Fe gettering ability of 
the Al-doped SOG was attributed to its negative charge density, i.e. the gettering is 
driven by electrostatic attraction between negatively-charged complexes in the SOG and 
positively charge interstitial Fe. 
The final piece of the 20% efficient cell designed using PC1D modeling, i.e. an 
electrically conductive back surface reflector (BSR) material with RB = 95% and high 
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diffusivity (β) was met using a Ag colloid. From reflectance measurements, the Al-doped 
SOG/Ag Colloid stack was found to have RB ~ 98% and β ~ 70%. Electrical resistivity 
measurements showed that after a short sintering step at 400°C, the resistivity of the Ag 
colloid is similar to that of screen-printed Ag pastes fired at ~700-800°C. 
These technology developments, i.e. boric-acid diffusion, passivation and Fe 
gettering with an Al-doped SOG and BSR formation with the Al colloid, were integrated 
into a cell process leading to a 20.2% efficient passivated, screen-printed, full-area B-
BSF cell (4 cm2 on 300 µm thick, 1.3 Ω-cm FZ Si). This result was verified by the 
National Renewable Energy Laboratory (NREL). However, device modeling showed that 
if this cell structure and process were transferred to commercial p-type Cz Si material, 
light-induced degradation (LID) could reduce the efficiency to ~19%. This large drop in 
cell efficiency was shown, via device modeling and device theory, to be linked to the 
well-passivated surfaces of the B-BSF cell. Specifically, it was found that as the quality 
of surface passivation improves, the impact of LID on cell efficiency becomes larger. 
Since n-type substrates do not suffer from the same LID effect, the B-BSF cell process 
was applied to n-type FZ wafers. The Al-doped SOG used that was used for passivating 
the B-BSF of the 20.2% p-type cell was replaced with a thermal oxide/SiNX stack, as the 
Al-doped SOG provides poor passivation on textured boron-diffused Si surfaces. The p-
type B-BSF and the n-type boron emitter cell processes were otherwise nearly identical. 
With this tweaked process, a cell efficiency of ~20.3% was achieved (4cm2 on 190 µm 
thick, 3 Ω-cm n-type Fz Si) and confirmed by NREL.  
In summary, > 20% efficient p-type and n-type cells (4cm2) were achieved through a 
combination of modeling-driven cell and process design, technology development and 
process integration. These small-area cells are proofs-of-concept for the technologies and 
cell processes developed in this thesis and further work is required to scale them up to the 
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